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En différenciant les extrémités chromosomiques des cassures d’ADN internes, les 
télomères empêchent l'activation de la signalisation d’un dommage à l'ADN et fournissent une 
protection contre des activités inappropriées qui sont associées à une réparation de l'ADN. Une 
telle réparation pourrait en fait créer une instabilité génomique. Chez Saccharomyces cerevisiae, 
un nombre de protéines sont impliquées dans la structure du télomère et / ou la fonction de la 
télomérase. On pense que la protection des télomères est gérée par les répétitions télomériques 
et les protéines associées, mais il y a de plus en plus d’indices que la région sous-télomérique joue 
également un rôle. Cette région contient des sites de liaison pour plusieures protéines, 
notamment pour Tbf1. TBF1 est un gène essentiel et la protéine est impliquée dans l'homéostasie 
des télomères et dans la réponse aux dommages de l’ADN. Toutefois, les mécanismes 
moléculaires restent à être précisés.  
 
Mon projet de Maîtrise est basé sur l’observation que dans les cellules qui ont un allèle 
thermosensible (tbf1-ts), les télomères sont anormalement courts. Malheureusement, les 4 allèles 
mutants de tbf1 connus présentent tous des mutations ponctuelles multiples ce qui rend leur 
analyse difficile. Pour clarifier l'origine des variations phénotypiques de ces mutations, la 
mutagenèse dirigée a été utilisée pour créer des allèles tbf1 avec une seule mutation. Mes 
résultats montrent que deux mutations spécifiques, tbf1-82 et tbf1-453, causent des défauts de 
croissance cellulaires, ainsi qu'une sensibilité aux drogues qui endommageant l'ADN.  
 
Une analyse détaillée de ces nouveaux allèles de tbf1 a montré que la protéine pourrait 
avoir un rôle direct dans le maintien de la stabilité des télomères. Par exemple, en absence de la 
télomérase qui est responsable du maintien des télomères, les cellules entrent en sénescence 
réplicative après environ 60 générations et arrêtent de se diviser. Par contre, une petite fraction 
de la population est capable de contourner cet arrêt de croissance car ces cellules maintiennent 
les télomères par un processus dépendant de la recombinaison homologue. L'introduction de 
mutations tbf1 dans des souches sans télomérase provoque une accélération d’entrée en 
sénescence ; donc Tbf1 est un régulateur précédemment inconnu de la sénescence. Divers tests 
génétiques avec des gènes de recombinaison homologue et des régulateurs de chromatine ont 
été effectués pour aider à caractériser TBF1 et ses interactions. La caractérisation de ces nouveaux 
allèles a permis de mieux comprendre les multiples rôles de Tbf1. 
 






By differentiating chromosomal ends from internal breaks, telomeres prevent DNA 
damage checkpoint activation and provide protection from inappropriate DNA repair activity that 
could create genomic instability. In Saccharomyces cerevisiae, a large number of genes have been 
identified that are implicated in telomerase and telomere structure and/or function. However, a 
comprehension of the mechanism of action of these genes and how they relate to other genes is 
lacking. The function of end protection is based on the telomeric repeats and associated proteins, 
but evidence is accumulating that the subtelomeric region also plays a role. This region contains 
binding sites for various proteins, notably Tbf1.  
 
TBF1 is an essential gene and the protein has been implicated in telomere homeostasis, 
chromatin remodelling, and the DNA damage response. My master’s project is based on the 
observation that cells harbouring a thermosensitive (tbf1-ts) allele have abnormally short 
telomeres. However, all four known mutant tbf1 alleles have multiple point mutations, which 
renders their analyses difficult. In order to be able to more precisely determine the origin of the 
phenotypic variations, we used site-directed mutagenesis to create single point mutation tbf1 
alleles. These experiments yielded two particular mutations, tbf1-82 and tbf1-453, which were 
found to have growth defects at various temperatures as well as  increased sensitivity to DNA 
damaging drugs.  
 
Although the alleles had only minor telomere length phenotypes, it was discovered that 
Tbf1 could have a direct role in telomere stability in special situations. For example, in the absence 
of telomerase, which normally maintains telomeres, cells enter replicative senescence after about 
60 population doublings and stop dividing. A small subset of the cellular population is able to 
evade this growth arrest by maintaining telomeres via a recombination-dependent process. An 
introduction of the tbf1-82 or tbf1-453 mutation into strains that also lacked telomerase caused a 
dramatic advance in time of onset of senescence. Thus this work uncovered that Tbf1 is a 
previously unknown regulator of senescence. Various genetic assays with homologous 
recombination genes and chromatin regulators were performed to help further characterize TBF1 
and its interactors. Characterization of these novel tbf1 alleles has given new insights into the 
multiple roles of Tbf1.  
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Eukaryotic genomes are highly complex and divided into linear chromosomes. Therefore 
unlike for most prokaryotic genomes that are circular, a unique problem arises; the necessity of 
protecting the integrity of the chromosome ends. This is accomplished by telomeres, aptly named 
by Hermann Muller in the late 1930’s as it originates from the ancient Greek “telos” (end) and 
“meros” (part) (Muller, 1938). The earliest efforts to describe chromosomes were based on 
characteristics visible with the technology of the time. Muller discovered that a highly stable 
specialized structure existed at the ends of chromosomes through his work in Drosophila, studying 
X-ray-induced breakage and rejoining of chromosomes (Muller, 1938). Fortuitously, at around the 
same time, Barbara McClintock came to a similar conclusion regarding the high stability of native 
chromosome ends while using the breakage-fusion-bridge cycle to study newly formed ends of 
chromosomes in maize (McClintock, 1939; McClintock, 1941). Little did they know at the time, but 
they were on to something big. Today, telomeres are recognized as essential for eukaryotic 
genomic stability, as accomplished through their specialized nucleoprotein structure and their 
characteristics are associated with human disease and aging.  
 
Sequence and structure of telomeres  
 
 In eukaryotes, telomeric DNA is generally composed of G-rich double-stranded repetitive 
sequences and a 3’ G-rich single-stranded overhang (Wellinger and Zakian, 2012). Protein 
complexes bind to the DNA to help protect the structural integrity of telomeres, creating a unique 
nucleoprotein complex called the telosome (Zakian, 1995). The telosome provides a capping effect 
that is essential for not only telomere homeostasis, but for stability of the entire chromosome. 
Despite some minor sequence variations between species, this arrangement is highly conserved. 
 
 The DNA of human telomeres consists of 5-15 kilobases (kb) of double-stranded TTAGGG 
telomeric repeats abbreviated T2AG3 (de Lange et al., 1990) and a 50-300 nucleotide (nt) 3’ single-
stranded overhang (McElligott and Wellinger, 1997). This sequence is conserved in mammals, 
although the length of the repeats may vary significantly between species. The double-stranded 
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repeats are protected by the shelterin complex, which consists of six protein subunits. Of these, 
TRF1 and TRF2 directly bind the double-stranded repeats and POT1 binds the single-stranded 
overhang. The complex is interconnected and stabilized by three additional proteins, TIN2, TPP1, 
and RAP1 (De Lange, 2005). Shelterin is a dynamic complex with DNA modeling capabilities that 
acts in conjunction with other associated DNA repair factors to facilitate DNA end protection and 
replication (De Lange, 2005; Palm and de Lange, 2008). Fascinatingly, the general telomeric 
arrangement of a repetitive DNA structure with binding and accessory proteins is conserved even 
down to single-celled eukaryotic species, such as budding yeast Saccharomyces cerevisiae.  
  
Like most eukaryotic organisms, the telomeres of S. cerevisiae are heterogeneous in 
length. They consist of 300 ± 75 bp of degenerate repeat sequences abbreviated (TG)1-6TG2-3, often 
simplified as TG1-3 (Shampay et al., 1984; Wellinger and Zakian, 2012). The G-rich single strand 
overhang consists of 12-15 nucleotides for most of the cell cycle (Larrivée et al., 2004). However, 
during a short period in late S/G2 phase of the cell cycle G tails are longer, with a size of ≥ 30-100 
nt (Wellinger et al., 1993). It is important to note that the budding yeast telomeric sequence 
differs from the mammalian one described above, although they serve the same purpose. Like 
mammalian telomeres, the unique DNA structures at yeast chromosome ends are bound by a 
variety of proteins that facilitate the two main functions of telomeres – end protection and end 
replication. A schematic comparing the general organization of telomeric repeats is seen in figure 
1. 
 
Figure 1: Organization of telomeric sequences in S. cerevisiae and H. sapiens. 
Telomeric structure is highly conserved and is characterized by a variable length of TG-rich repeats 





Functions of telomeres – end protection 
 
 The nucleoprotein structure of a telomere provides a capping function that permits 
telomeres to safeguard the integrity of chromosome by preventing the end from being recognized 
by DNA repair machinery as a double-strand break. This, in turn, prevents DNA damage 
checkpoint activation and provides protection from inappropriate DNA repair activity such as non-
homologous end joining (NHEJ) or homologous recombination (HR). Failing to prevent recognition 
by DNA repair mechanisms could lead to end-to-end fusions, recombination, or resection events 
that could create genomic instability (Sandell and Zakian, 1993; Zakian, 1995). Undoubtedly, the 
function of end protection is critical not only for protecting telomeres but also sustaining the 
integrity of the entire genome. 
 
 In the budding yeast Saccharomyces cerevisiae, several proteins bind to the unique 
telomeric DNA sequences in order to maintain a capping function. Rap1 is responsible for binding 
the telomeric TG1-3 repeats, which contain high-affinity Rap1 binding sites approximately every 20 
bp (Conrad et al., 1990; Gilson et al., 1993). Interestingly, like many proteins involved in telomere 
homeostasis, Rap1 performs double duties in the cell. It was discovered first as a major 
transcription factor in yeast with the ability to repress or activate gene expression (Shore and 
Naysmith, 1987). The functional domains of Rap1 have been extensively studied, and it has been 
shown that Rap1 binds DNA via an essential double Myb domain (Graham et al., 1999). In 
addition, the C-terminus is critical for activities related to telomere maintenance, as the Sir3 and 
Sir4 silencing proteins and the length regulators Rif1 and Rif2 bind this region (Hardy et al., 1992a, 
1992b; Buck and Shore, 1995; Wotton and Shore, 1997). Rap1 in association with the Rif proteins 
acts as a type of counting mechanism of end repeats that helps to negatively regulate telomerase 
(Marcand et al., 1997). Furthermore, the association of Rap1 with Rif2, and to a lesser extent, Rif1, 
is important for preventing telomere fusions and limiting Exo1-mediated end resection (Marcand 
et al., 2008; Vodenicharov et al., 2010). Another factor important for telomere capping is the 
heterodimer ring called yKu and comprised of the yKu70 and yKu80 proteins (Boulton and 
Jackson, 1996; Gravel et al., 1998). The yKu complex associates with double-stranded DNA ends 
such as those found at a double-strand break or the double-strand – single-strand junction of 
telomeres, however it does not show any sequence specificity (Gravel et al., 1998; Downs and 
Jackson, 2004). At telomeres, yKu is implicated in inhibition of 5’-end resection, telomere position 
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effect (TPE), and positioning of telomeres within the nucleus (Boulton and Jackson, 1998; Gravel 
et al., 1998; Laroche et al., 1998; Polotnianka et al., 1998). Recently, it has also been 
demonstrated that the Yku complex is able to bind telomeric repeats at sites distal from the 
chromosome ends, possibly due to breaks caused by difficulties experienced by replication forks, 
although this remains to be fully elucidated (Larcher et al., 2016). YKu also has a non-capping role 
in telomere homeostasis through its interaction with a stem loop of the RNA scaffold of 
telomerase, promoting its nuclear localization (Gallardo et al., 2008). 
 
In addition to the double-stranded repeats being bound by protective protein complexes, 
the single-stranded repeats require protection as well. This is accomplished largely due to Cdc13 
and its interacting proteins. Cdc13 plays an essential role in telomere protection via specific 
binding to the single-strand 3’ overhang (Lin and Zakian, 1996). Loss of CDC13 leads to extensive 
resection and cell cycle arrest (Garvik et al., 1995). In addition, it has a role in regulating access to 
the 3’ overhang, making it important for coordination of end-replication events including 
recruitment of telomerase (Lin and Zakian, 1996). Cdc13 forms the CST complex through 
interactions with two other essential proteins, Stn1 and Ten1, which may also have roles 
independent of Cdc13 (Grandin et al., 1997, 2000, 2001; Petreaca et al., 2006). Figure 2 provides a 




Figure 2: Nucleoprotein schematic of the telosome in S. cerevisiae.  
The double-stranded repeats are bound by Rap1, which negatively regulates telomerase through 
association with Rif1 and Rif2. Rap1 also associates with the heterochromatin-forming Sir2/3/4 
proteins. The CST complex is formed by ssDNA-binding protein Cdc13 associating with Stn1 and 
Ten1 and protects the 3’ single-stranded DNA overhang from degradation. Adapted from 










 The function of end protection is generally thought to be managed by the telomeric 
repeats and associated proteins, however, evidence is accumulating that the subtelomeric region 
plays a role as well, perhaps as a regulatory region or as a backup mechanism when a critically 
short telomere occurs. In S. cerevisiae, this subtelomeric area is composed of two classes of 
subtelomeric elements, X and Y’. The X element is heterogeneous in size and sequence, with a 
core X region consisting of approximately 500 bp. One core X-element is present at all telomeres 
and it is associated with a variable number of particular repeats, causing X elements to range 
between ~ 0.5-4 kb (Chan and Tye, 1983b; Walmsley et al., 1984; Louis et al., 1994). Y’ elements 
occur in up to four tandem copies and are found at about half of all telomeres (Chan and Tye, 
1983a, 1983b).Y’ elements are highly conserved in size, and are referred to as Y’ short and Y’ long. 
Y’ short is 5.2 kb and Y’ long is 6.7 kb, only differing from each other due to small insertions and 
deletions (Chan and Tye, 1983a, 1983b; Louis and Haber, 1992). When subtelomeric regions are 
comprised of both elements, X is centromere proximal and Y’ is located next to the terminal 
telomeric repeats. In addition, short tracts of telomeric DNA repeats can be found at junctions of X 
and Y’ elements, and between Y’ repeats (Walmsley et al., 1984). Interestingly, potential 
replication origins and binding sites for several transcription factors have been found in both types 
of elements (Louis et al., 1994; Mak et al., 2009). This supports the idea that subtelomeric 
structures have the capacity to play a significant role in telomere maintenance as a regulatory 
region. As well, it must be noted that the variability seen in sequence and proteins binding the 




Figure 3: Telomeres differ by their subtelomeric element composition. 
All telomeres contain a core X sequence (solid blue) and most contain a variable repeat region 
indicated in striped blue, creating an X element of variable size and sequence. In addition to the X 
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element, approximately 50% of telomeres contain one to four Y’ elements (green) that are highly 
conserved in size and sequence. Tracts of TG1-3 repeats are indicated by black arrows and are 
found at the ends of telomeres as well as in between X and Y’ elements and Y’-Y’ repeats.  
 
 
Telomeric and subtelomeric chromatin 
 
End protection is also derived from the arrangement of telomeric chromatin. Telomeres 
have a non-nucleosomal heterochromatic structure due to protection from a variety of protein 
complexes that cover the terminal repeats, as previously discussed. In contrast, subtelomeric DNA 
has been found to be largely arranged in nucleosomes (Wright et al., 1992). However, this 
chromatin organization differs between subtelomeric elements. The cores of X elements are 
histone-poor and lack a defined nucleosome structure, with adjacent nucleosomes subject to 
histone modifications characteristic of silenced regions (Zhu and Gustafsson, 2009). Conversely, Y’ 
elements are composed of arrays of nucleosomes and are transcriptionally active, as well as 
having a characteristic that limits the spread of silent chromatin (Zhu and Gustafsson, 2009). 
These differences between the two elements are due to a variety of chromatin-modulating 
factors. For example, telomeric Rap1 and the yKu heterodimer have been shown to bind to 
telomeric DNA and participate in recruitment of the Sir protein complex, propagating a 
heterochromatic conformation towards the subtelomeres through interactions between the Sir 
proteins and histone tails (Piña et al., 2003). In short, the histone deacetylase (HDAC) Sir2 
deacetylates H4K16, facilitating binding of Sir3 and Sir4 to hypoacetylated histone tails (Hecht et 
al., 1995; Strahl-Bolsinger et al., 1997). Repetition of this process facilitates spreading of 
deacetylated chromatin and occupancy by Sir proteins. This heterochromatic environment is 
echoed in the X elements, which show enrichment for Sir2 and Sir3 and lack of H4K16 acetylation 
(Zhu and Gustafsson, 2009; Takahashi et al., 2011). In contrast, Y’ elements are more similar to 
euchromatic regions, characterized by a lack of silencing Sir proteins, significant H4K16 
acetylation, and transcriptional activity (Zhu and Gustafsson, 2009; Takahashi et al., 2011). 
Interestingly, some subtelomeric nucleosomes contain the histone H2A variant H2A.Z, encoded by 
HTZ1. H2A.Z has a demonstrated involvement in biological processes such as efficient 
transcriptional activation of gene promoters and formation of heterochromatin-euchromatin 
boundaries, where it can have an anti-silencing function and is able to counteract Sir-dependent 
silencing (Meneghini et al., 2003; Guillemette et al., 2005). In addition to the presence of H2A.Z, 
Sir spreading is counteracted by histone acetyltransferase (HAT) Sas2, which antagonizes Sir2 
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deacetylation by acetylating H4K16 (Kimura et al., 2002). As well, it has been shown that the 
histone deacetylase Rpd3 can counteract the propagation of Sir2-dependent silent chromatin 
(Zhou et al., 2009). At first glance, this may seem counterintuitive, given that it is responsible for 
histone deacetylation of lysine residues within the N-terminus of core histone proteins present in 
subtelomeric regions and throughout the genome (Rundlett et al., 1996; Kadosh and Struhl, 1998; 
Vogelauer et al., 2000). Indeed, deletion of RPD3 causes an increase in global acetylation levels 
(Vogelauer et al., 2000). However, it has been proposed that Rpd3-mediated histone 
deacetylation removes the substrate required by Sir2 to further propagate Sir spreading 
(Ehrentraut et al., 2010). It is evident that given the complexities of chromatin regulation, the 
mechanisms behind many of its intricacies and its role in telomere homeostasis still remain to be 
fully uncovered.  
 
Telomere Position Effect 
  
It can be inferred from their complex chromatin environment that telomeres may have 
some control over gene expression. This has indeed been shown to be the case. A telomere 
position effect (TPE), initially described by Gottschling and Zakian, is proposed to be caused by the 
chromatin structure found on telomeric DNA and which could prevent the transcription of genes 
located near telomeres (Gottschling et al., 1990). However, it has been found that this effect 
varies significantly from telomere to telomere, and silencing is discontinuous throughout the X 
and Y’ subtelomeric elements (Fourel et al., 1999; Pryde and Louis, 1999). This is bolstered by the 
fact that genome-wide analyses have shown a discontinuous binding pattern for Sir3 and Sir4 at 
native chromosome ends (Radman-Livaja et al., 2011). It is a distinct possibility that differences 
between telomeres in regulation of TPE could be a mechanism to regulate different groups of 
genes found in these regions in response to varying biological or environmental conditions.   
 
Functions of telomeres – end replication 
 
 In addition to the role of end protection, telomeres have a primordial role in the cell – 
namely that of mediating DNA end replication. The linearly organized genome of eukaryotic 
organisms leads to an inherent difficulty in replication. Due to the facts that conventional DNA 
polymerases cannot replicate linear DNA completely to the ends (Watson, 1972; Olovnikov, 1973), 
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and chromosomes end with 3’ extensions (Lingner et al., 1995) chromosome ends require a 
specialized replication machinery. Replication fork passage at the end of the chromosome 
generates two different types of DNA ends – those replicated by the leading strand and those 
replicated by the lagging strand. The lagging strand is synthesized discontinuously using short RNA 
primers and degradation of the last terminal primer generates the requisite 3’ single-stranded 
overhang (Soudet et al., 2014). Leading strand synthesis occurs continuously in the 5’ to 3’ 
direction using the C-rich parental strand as a template (Olovnikov, 1973). Despite the fact that 
leading strand synthesis can proceed to the template end, a problem arises due to the fact that 
the template strand is shorter than the template for lagging strand synthesis. The newly 
synthesized leading strand end therefore will be shortened and theoretically be blunt-end. In 
order to regenerate the 3’ overhang, this blunt end has been shown to be a replication 
intermediate and in fact must undergo an exonucleolytic resection of about 30-40 nt before being 
filled in to leave the required 3’ overhang (Soudet et al., 2014). As a consequence, the leading 
strand will undergo a slight loss of terminal sequences due to shorter template length. This 
process is represented in figure 4 below.  
 
 
Figure 4: Semi-conservative DNA replication generates telomeric sequence losses. 
Parental red strands indicate 3’ ends and the blue strands indicate 5’ ends. Daughter strands are 
seen in pink and green The RNA primer is indicated by a thicker black arrow. The vertical dashed 
lines indicate the length daughter strands need to achieve to avoid sequence losses. The 3’ end 





Hayflick and Moorhead first demonstrated that even in culture, human cells do not 
possess unlimited replicative potential, but are limited to a finite number of cell divisions, 
spawning the term “Hayflick limit” (Hayflick and Moorhead, 1961). It took many years for it to 
become apparent that the molecular basis for this phenomenon may be the progressive losses of 
telomeric repeats found at the ends of chromosomes (Lundblad and Szostak, 1989). The 
elucidation of the end-replication problem paved the way for the need to find an activity that 
could add telomeric DNA to the G-rich strand in the absence of a template. The solution was 
found in a specialized reverse transcriptase, telomerase. In seminal work by Greider and 
Blackburn using a ciliate as the model organism (Tetrahymena thermophila), it was demonstrated 
that this progressive loss of telomeric repeats could be counteracted by telomerase (Greider and 
Blackburn, 1985). Indeed, the unique discoveries of the protection of chromosome ends by 
telomeres and the replication of telomeres by telomerase were significant enough to merit the 
award of the 2009 Nobel Prize in Physiology or Medicine to E. Blackburn, C. Greider, and J. Szostak 
(https://www.nobelprize.org/nobel_prizes/medicine/laureates/2009/press.html). Although 
telomerase was first discovered and characterized in the ciliate T. thermophila, it was later found 
to be conserved from humans to yeast (Morin, 1989; Cohn and Blackburn, 1995). It followed that 
the problem of progressive telomere shortening could be solved by the fact that the generation of 
3’ single-stranded overhangs allows the binding of telomerase (Greider and Blackburn, 1987). 
After the 3’ strand is elongated by telomerase, the complementary C strand is filled in by 
conventional DNA polymerase, thus providing a mechanism for complete replication of the ends 
of linear chromosomes. Telomeric overhangs are important for cellular proliferation as they 
provide a substrate for telomerase-mediated elongation, therefore preventing loss of telomeric 




Telomerase is a ribonucleoprotein reverse transcriptase, requiring an RNA template, 
catalytic protein subunit, and accessory proteins (figure 5). In telomerase of budding yeast, the 
flexible RNA scaffold, TLC1, is a large 1158 nt non-coding RNA which has a region that acts as an 
intrinsic template for the de novo synthesis of telomeric repeats being added to the G-rich 3’ 
overhang (Blackburn et al., 1989; Singer and Gottschling, 1994). Telomerase also contains a trio of 
Est (Ever Shorter Telomere) proteins. The Est2 catalytic subunit binds to a central domain of TLC1, 
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comprised of a template region, a pseudoknot, and a template limiting stem (Singer and 
Gottschling, 1994; Seto et al., 2003; Chappell and Lundblad, 2004). Est1 and Est3 are accessory 
telomerase subunits required for telomerase function in vivo (Lendvay et al., 1996). Est1 binds to a 
highly conserved stem-bulge region of TLC1 (Seto et al., 2002), and the interaction of Est3 is 
thought to be mediated by other protein factors (Tucey and Lundblad, 2014). Recently, the 
essential proteins Pop1, Pop6, and Pop7 were identified as indispensable for in vivo telomerase 
activity through their role in stabilization of Est1 and Est2 (Lemieux et al., 2016). In addition, 
bound to TLC1 is the SM7 protein complex which aids in stability (Seto et al., 1999), as well as the 
yKu70/80 heterodimer which is involved in the nuclear import and retention of telomerase (Seto 
et al., 1999; Stellwagen et al., 2003; Gallardo et al., 2008). In summary, telomerase plays an 
important role in genomic stability at each replication round by preventing loss of the terminal 
chromosome repeats which are required to facilitate the protective capping function of telomeres 
and avoid loss of genetic information.  
 
 
Figure 5: Ribonucleoprotein complex telomerase in S. cerevisiae. See text for description of 
different subunits. Adapted from Lemieux et al., 2016. 
 
Telomerase activity varies by developmental stage and cell type, with high levels of 
activity seen in mammalian germ and stem cells, allowing for significant proliferative capacity 
(Bodnar et al., 1998). However, unlike germ and stem cells, telomerase is not active in most 
human somatic cells. This lack of telomerase activity leads to a process called replicative 
senescence, which will be discussed in more detail further on. It functions as a way to limit the 
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accumulation of harmful genetic instabilities, thus acting as a barrier to carcinogenesis. This 
barrier can be overcome in some cases, with cancer cells upregulating telomerase as a way to 
enable replicative immortality, making the study of telomeres and telomerase critical in 
understanding the molecular mechanisms enabling cancer progression (Shay et al., 1991; Kim et 
al., 1992; Shay and Wright, 2011). Much of the work on telomeres and telomerase has been 
accomplished in model organisms such as S. cerevisiae, which is particularly attractive for studying 
mechanisms of telomere maintenance due to the fact that it constitutively expresses telomerase. 
In yeast, telomere length acts as a telomerase regulatory mechanism. Not all telomeres are 
elongated at every cell cycle and it has been shown that short telomeres undergo preferential 
targeting and elongation by telomerase (Teixeira et al., 2004). It is clear that telomere length 
homeostasis involves a complex and dynamic interplay of regulatory mechanisms involving many 
different factors. Indeed, genome-wide screens have identified a large number of genes other 
than telomerase components that affect telomere length, but the mechanisms by which they do 
this often still remain to be fully elucidated (Askree et al., 2004; Gatbonton et al., 2006). 
 
Replicative senescence & survivors 
  
Telomerase-null mutants can be created in budding yeast by elimination of the non-
coding RNA scaffold TLC1, or by deletion of genes encoding the catalytic subunit Est2 and other 
regulatory proteins Est1 and Est3, leading to what has been termed the Est (ever shorter 
telomere) phenotype. These mutants suffer from progressive telomere shortening, and enter a 
permanent cell cycle checkpoint arrest at around 60-80 generations, leading to a loss of viability 
(Lundblad and Szostak, 1989; Singer and Gottschling, 1994; Lendvay et al., 1996). Intriguingly, it 
has been found that in telomerase-negative cultures, some cells stop growing even when the 
expected average telomere length is wildtype (Lundblad and Blackburn, 1993; Abdallah et al., 
2009; Khadaroo et al., 2009). This indicates that the gradual attrition of bulk telomere length is 
not necessarily the primary determinant for arrested growth. Indeed, previous results show that 
the presence of a single critically short telomere is sufficient to initiate checkpoint activation and 
accelerate senescence (Abdallah et al., 2009; Khadaroo et al., 2009; Xu et al., 2015). It is likely that 
a critically short telomere arises due to the inherent difficulties experienced during telomeric DNA 
replication and cannot be elongated in the absence of telomerase, thus triggering a growth arrest 




After telomerase-negative cell cultures enter senescence, not all cells lose viability at the 
same time and a small subset of the cells eventually regains proliferative capability and the ability 
to maintain their telomeres through telomerase-independent mechanisms involving homologous 
recombination. This capacity to avoid replicative senescence earned these cells the name 
“survivors” (Lundblad and Blackburn, 1993; Teng and Zakian, 1999). Homologous recombination is 
critical for survivor formation, given that there are no survivors in telomerase-negative cells in 
which RAD52 is also deleted (Lundblad and Szostak, 1989). These double mutants display a strong 
synthetic growth defect as soon as telomerase is removed, even before displaying the progressive 
telomere shortening associated with entering senescence (Kass-Eisler and Greider, 2000). In 
addition, a homologous recombination-based DNA synthesis pathway, termed break-induced 
replication (BIR), is also needed for formation of survivors. BIR repairs one-sided DSBs as may 
occur at collapsed replication forks or by an erosion of an uncapped telomere. This mechanism 
requires the DNA polymerase subunit POL32, and upon deletion of this gene, survivor formation is 
abolished (Lydeard et al., 2007).  
 
There are two subtypes of survivors, type I and type II, differing in the composition of their 
terminal DNA arrangements (Lundblad and Blackburn, 1993; Teng and Zakian, 1999). Type I 
survivors are characterized by amplification of subtelomeric tandem Y’ element repeats and short 
tracts of double-stranded telomeric DNA with a normal single-strand 3’ overhang, as well as 
extrachromosomal circular Y’ elements (Lundblad and Blackburn, 1993; Larrivée and Wellinger, 
2006). In addition to RAD52 and POL32, type I survivor formation requires RAD51, RAD54, RAD55, 
and RAD57. In the absence of these genes, only type II survivors can form (Le et al., 1999; Chen et 
al., 2001). Type II survivors differ from type I in that they have only slight amplification of Y’ 
elements, but extensive and heterogeneous expansions of telomeric TG1-3 repeats, ranging from 
very short to over 12 kb in size (Teng and Zakian, 1999; Teng et al., 2000). Type II survivor 
initiation most likely involves rolling circle replication, as the telomeres in these cells experience 
progressive shrinking and then random and dramatic lengthening events. In these cells, 
extrachromosomal telomeric DNA circles do also occur (Teng et al., 2000; Larrivée and Wellinger, 
2006). Type II survivor formation is dependent on the presence of RAD59, the MRX complex 
(MRE11, RAD50 & XRS2), TEL1, and SGS1. As above, in the absence of these genes, only type I 
survivors appear (Le et al., 1999; Teng et al., 2000; Chen et al., 2001; Huang et al., 2001; Johnson 
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et al., 2001). It must be noted that although type I survivors initially occur more frequently, they 
experience very slow growth with intermittent intervals of growth arrests, and often eventually 
convert to type II survivors, which have a faster growth rate and outcompete type I in liquid 
culture if both are present (Lundblad and Blackburn, 1993; Teng and Zakian, 1999; Teng et al., 
2000).  
 
Surprisingly, there has been relatively little investigation into the chromatin environment 
of telomeres in senescence and survivor formation. However, emerging evidence indicates that 
chromatin components active in the subtelomeric and telomeric regions such as histone 
acetyltransferases and deacetylases are important for regulating senescence (Kozak et al., 2009). 
Telomeric transcription, which would require chromatin reorganization to allow the binding of 
transcription factors, has been shown to influence senescence as well (Maicher et al., 2012; 
Pfeiffer and Lingner, 2012).  
 
DNA damage response & telomeres 
 
 The relationship between DNA damage response, checkpoint activation, repair 
mechanisms and telomere homeostasis is complex and still far from being fully understood. The 
DDR pathway involves the rapid response of sensors, mediators, and effectors at the sites of DNA 
damage. Triggers include DSBs, ssDNA, replication fork stalling, or other constraining structures 
(Teixeira, 2013). This takes on a special significance at telomeres, as telomeric DNA is difficult to 
replicate due to its GC-rich nature and is prone to replication fork slowing and/or stalling (Ivessa et 
al., 2002). Around the same time that it was discovered that one of the main telomere functions is 
to inhibit inappropriate checkpoint activation, it was also observed that DNA damage checkpoint 
proteins are involved in telomere homeostasis (Sandell and Zakian, 1993; Greenwell et al., 1995). 
Over the years, the list of proteins involved in both DDR and telomere maintenance has grown 
significantly and the relationship between the two is not always clear and at times can even 
appear contradictory. For example, the MRX complex and Tel1 associate with both DSBs for repair 
and during replication to short telomeres in order to initiate resection events and also telomere 
elongation by telomerase (Ritchie and Petes, 2000; Tsukamoto et al., 2001). However, unlike at 
DSBs, at telomeres this ssDNA generation does not activate Mec1, thus avoiding triggering a DDR 
phosphorylation cascade that would initiate DNA repair mechanisms (Mcgee et al., 2010). Other 
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significant proteins involved in both processes include Yku70/80, Sae2, Sgs1, Dna2, and Exo1 
(Wellinger et al., 1996; Gravel et al., 1998; Larrivée et al., 2004; Bonetti et al., 2009). As 
mentioned previously, further complicating this picture is the fact that many of these DDR 




In terms of telomere biology and homeostasis, much attention is paid to telomeric end-
binding factors and their accessory proteins, and less consideration has been given to factors 
influencing telomere homeostasis via subtelomeric regions. For example, one of the proteins that 
has been implicated in both the DNA damage response and telomere maintenance is Tbf1 
(Berthiau et al., 2006; Arneric and Lingner, 2007; Ribaud et al., 2011; Bonetti et al., 2013; Di 
Domenico et al., 2013). Tbf1 binds to subtelomeric elements and specifically to TTAGGG repeats. 
It was first discovered as Tbfα (Telomere-binding factor) through DNase I footprinting in 1991 (Liu 
and Tye, 1991). A series of experiments indicated that it was able to bind T2AG3 repeats, the same 
sequence as mammalian telomeres, found in yeast at the junction between the subtelomeric 
region and the telomeric repeats (Liu and Tye, 1991; Brigati et al., 1993). It was proposed that due 
to the conservation of T2AG3 repeats at the telomere or subtelomeric regions of many organisms, 
this sequence must be bound by a highly conserved protein important for genomic stability 
(Brigati et al., 1993). Indeed, TBF1, a 562 amino acid DNA binding protein in yeast, was found to 
be an essential gene (Brigati et al., 1993). Interestingly, around the same time, in vitro studies 
confirmed the existence of mammalian TTAGGG repeat binding factors that we now know as the 
human telomere binding proteins TRF1 and TRF2, yielding a first glimpse into potential binding 
similarities of factors that bind to T2AG3 repeats (Zhong et al., 1992; Brigati et al., 1993). These 
similarities were further elucidated with the discovery of a Myb-related telomeric DNA binding 
motif conserved across a variety of species from yeast to plants to humans, named the telobox 
(Bilaud et al., 1996, 1997; Vassetzky et al., 1999). The telobox is considered an atypical Myb-
binding domain as Myb domains typically consist of three slightly variable tandem repeats (R1, R2 
and R3), as seen in the prototypical member of the Myb family, human c-Myb (Ogata et al., 1994; 
Ko et al., 2008). Tbf1 contains a single Myb repeat analogous to the R3 repeat, but does not bind 
typical Myb DNA binding sites, instead having a variable consensus sequence with an essential 
core TAGGG motif, similar to other telomere-binding proteins such as TRF1 and TRF2 in mammals 
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and Taz1 in Schizosaccharomyces pombe  (Bilaud et al., 1996; Vassetzky et al., 1999; Koering et al., 
2000). The Tbf1 Myb-like binding domain is an approximately 60 amino acid helix-turn-helix 
sequence located in the C-terminus of the protein from residues 404-464 although the exact 
beginning and end positions are slightly variable depending on the sequence alignment database 
used (http://www.yeastgenome.org/locus/S000006049/protein). Although Tbf1 demonstrates 
high affinity for T2AG3-like repeats, it shows no binding ability to the degenerate TG1-3 telomeric 
repeats bound by Rap1 in S. cerevisiae (Bilaud et al., 1996; Koering et al., 2000). 
 
 As previously mentioned, S. cerevisiae subtelomeric regions are composed of the 
obligatory X elements and a variable number of Y’ elements (Louis and Haber, 1992; Louis et al., 
1994). In both elements, the distal ends contain Tbf1 binding sites and Tbf1 has been shown to 
bind in vitro and in vivo, suggesting that it plays a role at chromosome ends due to its 
subtelomeric binding affinity (Brigati et al., 1993; Bilaud et al., 1996; Fourel et al., 1999; Koering et 
al., 2000). It was shown that Tbf1 binding is able to counteract silencing events such as the 
telomere position effect (TPE). Furthermore, it was found that Tbf1, along with the transcription 
factor Reb1, is a key component in subtelomeric anti-silencing regions (STARs). It was proposed 
that these regions facilitate chromatin boundary formation in order to limit silent chromatin 
propagation and possibly to protect the telomere from subtelomeric influence or vice versa 
(Fourel et al., 1999, 2001; Koering et al., 2000). As well, using artificial telomere constructs with 
and without Tbf1 binding sites, it has been demonstrated that due to its subtelomeric location, 
Tbf1 is involved in partially redundant mechanisms of discriminating short from wild-type 
telomeres (Arneric and Lingner, 2007). Another type of artificial telomere construct that has been 
used to study Tbf1 is humanized yeast telomeres. The telomerase RNA gene TLC1 was altered in 
its templating region so that telomere elongation by telomerase produces the human T2AG3 
sequence in place of yeast TG1-3 repeats (Henning et al., 1999). Due to Tbf1 and Cdc13 binding, 
these humanized telomeres are short but remain stably maintained, indicating that Tbf1 has the 
capacity to participate in telomeric capping under certain circumstances (Alexander and Zakian, 
2003; Bah et al., 2011). Using a similar artificial construct with inducible insertion of T2AG3 repeat 
arrays, Tbf1 binding was shown to regulate telomere elongation in a length-dependent manner 




Immunofluorescence studies showed that Tbf1 not only binds repeats at the subtelomeric 
regions but also at internal chromosomal sites, indicating that it most likely has a role outside of 
telomere maintenance (Koering et al., 2000). Indeed, the essential function of Tbf1 was proposed 
to be due to a non-telomeric role which was suggested to be related to regulation of transcription, 
much like the dual roles of the canonical telomere binding protein Rap1 which also is a 
transcription factor (Bilaud et al., 1996). Changes in gene expression result from both transcription 
factor binding to regulatory sequences and modifications to nucleosome organization in 
regulatory regions (Preti et al., 2010). The possibility that Tbf1 was involved in transcriptional 
processes was later confirmed by analyses of in vivo transcription, chromatin immunoprecipitation 
(ChIP), and nucleosome occupancy analyses that were performed to identify and delineate 
transcriptional control elements located upstream of snoRNA genes (Preti et al., 2010). 
Remarkably, Tbf1 was found to bind at on the promoters of approximately 80% of all snoRNA 
genes (Preti et al., 2010). Most likely its function there is to be a transcription activator, involved 
in the fine tuning and full expression of snoRNA levels (Preti et al., 2010). However, in addition to 
its role at snoRNA promoters, Tbf1 was also found to bind upstream of over 200 protein-coding 
genes, including its own promoter (Lavoie et al., 2010; Preti et al., 2010). However, its roles at 
snoRNA promoters versus the promoters of protein-coding genes seem to be slightly different. At 
the promoters of protein-coding genes, Tbf1 binding, together with the two Tbf1-interacting 
proteins, Vid22 and Env11, was found to foster the formation of a 5’ nucleosome-free region 
(Preti et al., 2010). However, the same work showed at snoRNA targets it did not appear to 
facilitate nucleosome exclusion or associate with these two proteins. Finally, in concordance with 
earlier studies promoting a subtelomeric regulatory role for Tbf1, ChIP-seq analysis displayed 
single or clustered Tbf1 association peaks at 22 out of 32 telomeric sites on 15 out of 16 
chromosomes (Preti et al., 2010).  
 
 Interestingly, recent work by the Longhese lab about the involvement of Tbf1 in DNA 
damage repair further pointed towards a role in modulating chromatin organization as part of the 
DNA damage response (Bonetti et al., 2013). As TBF1 cannot be deleted, mutant tbf1 alleles were 
created by low-fidelity PCR mutagenesis coupled with screening of clones for decreased viability 
either at high temperatures or in response to DNA damaging agents such as the DNA break-
inducing drug phleomycin. This led to the selection of three mutant alleles containing 2-4 point 
mutations, tbf1-1, tbf1-2, and tbf1-3 (Bonetti et al., 2013). These alleles were shown to be 
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sensitive to both phleomycin and MMS, a drug that leads to replication fork stalling through 
alkylation of DNA. Genetic assays revealed that combining tbf1-1 and tbf1-3 with various 
homologous recombination mutants such as rad52∆ (roles in multiple HR pathways), mre11∆ 
(initiation of HR end-processing), sgs1∆ and mms4∆ (processing HR intermediates) led to 
synthetically sick double-mutants with significant growth defects and increased sensitivity to DNA-
damaging agents (Bonetti et al., 2013).This indicated that Tbf1 is involved in supporting cell 
viability when homologous recombination mechanisms are impaired. They further demonstrated 
that Tbf1 was recruited near HO endonuclease-induced double-strand breaks and mutants were 
defective in end processing of these breaks (Bonetti et al., 2013). Given that previously, Tbf1 had 
been shown to participate in nucleosome exclusion at promoter regions (Preti et al., 2010), it was 
postulated that it might have a role in promoting chromatin remodeling at DSBs as well. Indeed, 
Tbf1 was found to functionally interact with chromatin regulation proteins, with mutants showing 
a synthetic negative interaction with increased sensitivity to phleomycin when combined with an 
esa1 mutant allele, the catalytic subunit of the NuA4 acetyltransferase complex involved in DSB 
repair (Bird et al., 2002; Bonetti et al., 2013). In contrast, when the histone deacetylase RPD3, 
which counteracts Esa1 acetylation, was deleted in tbf1-1 cells, a marked decreased sensitivity to 
phleomycin was documented (Bonetti et al., 2013). This study therefore highlighted Tbf1 as 
having a previously unrecognized role in the response to DNA damage, most likely due to a direct 
role in chromatin organization at a double-strand break.  
 
Hypothesis and objectives  
 
 Previous work clearly indicates that Tbf1 exercises multiple functions in the cell. It is 
implicated in processes such as transcription, the DNA damage response and DNA repair 
pathways, and finally, telomere homeostasis. Despite this, surprisingly little is known about how it 
is involved in these processes and what it interacts with to fulfill these varied roles. Many of the 
experiments involving the role of Tbf1 at telomeres were carried out using artificial telomeric 
constructs from which functions at native telomeres were inferred. Hence there is a lack of 
information characterizing the role of Tbf1 in telomere maintenance at native telomeres, 
rendering it an interesting candidate to study in this context. I hypothesize that Tbf1 exerts effects 
on telomere regulation due to its ability to bind to subtelomeric elements, where it interacts with 
known regulatory mechanisms. The primary objective of my master’s project is to better 
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understand the role that Tbf1 plays in telomere maintenance due to its subtelomeric location. This 
was accomplished through a variety of genetic analyses.  
 
Given that TBF1 is an essential gene, the typical preliminary genetic analyses used in S. 
cerevisiae are more complicated to achieve, as it cannot be deleted to examine potential 
phenotypes. A gene that is essential for cell viability often is involved in a function in one or more 
highly conserved processes, making it a particularly interesting avenue of research (Giaever et al., 
2002). This essentiality in turn renders a gene quite difficult to study, given the problems inherent 
in examining the function of essential genes. What amino acid residues or domains are critical for 
function? What modifications effect phenotypic changes, and why?  When looking for phenotypic 
effects of an essential gene, one of the main approaches is to use hypomorphic alleles. This type 
of allele reduces how well the gene is expressed. In fact, there are collections of hypomorphic 
essential gene mutants available that now cover almost every essential gene (Schuldiner et al., 
2005; Ben-Aroya et al., 2008; Ungar et al., 2009). These alleles were generated via a variety of 
methods. For example, one group constructed titratable alleles by placing the gene under an 
inducible promoter, so that gene expression is regulated by the addition of a substance such as an 
antibiotic or carbon source (Mnaimneh et al., 2004). This has the benefit of being able to control 
gene expression at will. A drawback of this method is that the gene is not under the control of its 
native promoter, and overall regulation and changes in expression are hard to link to a specific 
phenotype.  
 
Another way to obtain hypomorphic alleles is to generate them by random mutagenesis. 
This allows screening of large numbers of mutagenized genes based on certain criteria such as 
temperature or drug sensitivity (Ben-Aroya et al., 2008). Often, these alleles contain multiple 
randomly-generated point mutations that can be identified through genomic sequencing. Again, 
the phenotype of these alleles can be complicated to interpret, given that the contribution of each 
mutation to the phenotype is not known. However, such alleles can be a good starting point for 
phenotypic analysis. Once the individual point mutations are known via sequencing, mutants can 
be constructed that contain only one point mutation, which will allow the analyses of specific 
mutations and how they induce phenotypic variation. In an ideal scenario, this leads to a single 




In order to examine the function of Tbf1, I initially obtained and analyzed conditional 
mutants that were obtained from other research labs. These included a hypomorphic 
thermosensitive allele, tbf1-ts, as well as a trio of alleles with multiple mutations generated 
through random mutagenesis: tbf1-1, tbf1-2, and tbf1-3 (Ben-Aroya et al., 2008; Bonetti et al., 
2013).  Once certain phenotypic variations caused by these alleles were identified, I then 
generated novel alleles with single point mutations. These alleles were combined with known 
mutants of telomere maintenance in order to look for genetic interactions between Tbf1 and 
other genes. Through these genetic analyses, specific individual residues were linked to 




MATERIALS AND METHODS 
 
Yeast strains and plasmids 
 
 There are several commonly used S. cerevisiae laboratory strains that have slight 
differences in their genetic backgrounds. S288c (Mortimer and Johnston, 1986) was the original 
strain sequenced by Sanger sequencing.  Several strains have been derived from the S288c 
background, including the haploid strains BY4741, BY4742 and diploid strain BY4743 found in the 
systematic deletion project that created the commercially available YKO collection of non-
essential gene deletions (Brachmann et al., 1998) and other BY background strains such as 
BY4705. W303 is another commonly used laboratory strain, originally created by Rodney 
Rothstein (Rothstein, 1983).  The W303 genome is approximately 85% derived from S288c, part of 
the other regions are similar to other laboratory strains (Ralser et al., 2012).  About 800 coding 
regions differ between W303 and S288c, but often by very few residues. The original W303 strain 
carries a rad5-535 point mutation (Fan et al., 1996) that has been corrected in the W303 
derivative W3749 (Lisby et al., 2004).  
 
Table 1: Strains and plasmids that are referred to throughout this work.   
All strains without a reference listed were constructed for this study.  
 
Name Genotype Reference 
tbf1-ts 
MATa ura3Δ0 leu2Δ0 his3Δ1 lys2Δ0 (or 
LYS2) met15Δ0 (or MET15) can1Δ::LEU2-MFA1pr::His3 
tbf1-ts::URA3 
Ben-Aroya et al., 
2008. 
W303 
MATa ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1 ura3-
1 rad5-535 Bonetti et al., 2013. 
tbf1-1 
MATa ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1 ura3-
1 rad5-535 tbf1-1::LEU2 Bonetti et al., 2013. 
tbf1-2 
MATa ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1 ura3-
1 rad5-535 tbf1-2::LEU2 Bonetti et al., 2013. 
tbf1-3 
MATa ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1 ura3-
1 rad5-535 tbf1-3::LEU2 Bonetti et al., 2013. 
ELBY63 W303 tbf1-1::LEU2/TBF1 tlc1∆::KanMX4/TLC1 +pAZ1  
ELBY54 W303 tbf1-2::LEU2/TBF1 tlc1∆::KanMX4/TLC1 +pAZ1  




MatA/α can1-100/can1-100 ura3-1/ura3-1 his3-
11,15/his3-11,15 leu2-3,112/leu2-3,112 trp1-1/trp1-1 
bar1Δ::LEU2/bar1Δ::LEU2 Lisby et al., 2004. 
BY4705 
ade2::hisG/ade2::hisG his3∆200/his3∆200 leu2∆0/leu2∆0  
lys2∆0/lys2∆0  met15∆0/met15∆0 trp∆63/ trp∆63 
ura3∆0/ura3∆0 
Brachmann et al. 
1998. 
ELY030 W3749 tbf1-299::NatMX/TBF1  
ELY045 W3749 tbf1-82::NatMX/TBF1  
ELY046 W3749 tbf1-453::NatMX/TBF1  
ELY047 W3749 tbf1-398::NatMX/TBF1  
ELY048 W3749 tbf1-480::NatMX/TBF1  
ELY050 W3749 tbf1-453::NatMX/TBF1 tlc1Δ::KanMX4/TLC1  
ELY052 W3749 tbf1-82::NatMX/TBF1 rpd3Δ::TRP1/RPD3  
ELY054 W3749 tbf1-82::NatMX/TBF1 tlc1Δ::KanMX4/TLC1  
ELY058 
W3749 tbf1-82::NatMX/TBF1 rad52::TRP1 /RAD52 
tlc1Δ::KanMX4 /TLC1+pAZ1.R52-URA3  
ELY059 
W3749 tbf1-453::NatMX/TBF1 rad52∆::TRP1/RAD52 
tlc1Δ::KanMX4 /TLC1+pAZ1.R52-URA3  
ELY065 
W3749 tbf1-82::NatMX/TBF1 sgs1∆::TRP1/SGS1 
tlc1Δ::KanMX4/TLC1  
ELY067  
W3749 tbf1-453::NatMX/TBF1 sgs1∆::TRP1/SGS1 
tlc1Δ::KanMX4/TLC1  
ELY069 
W3749 tbf1-82::NatMX/TBF1 tlc1Δ::KanMX4/TLC1 
rpd3Δ::TRP1/RPD3  
ELY070 
W3749 tbf1-453::NatMX/TBF1 tlc1Δ::KanMX4/TLC1 
rpd3Δ::TRP1/RPD3  
ELY076 BY4705 tbf1-453::NatMX/TBF1  
ELY078 BY4605 tbf1-453::NatMX/TBF1 mre11∆/MRE11  
ELY083 W3749 tbf1-82::NatMX/TBF1 htz1Δ::URA3/HTZ1  
ELY084 W3749 tbf1-453::NatMX/TBF1 htz1Δ::URA3/HTZ1  
ELY085 W3749 tbf1-305::NatMX/TBF1   
ELY090 W3749 tbf1-447::NatMX/TBF1  
ELY093 W3749 tbf1-451::NatMX/TBF1  
ELY095 W3749 tbf1-451::NatMX/TBF1  
EPY072 W3749 htz1Δ::URA3 
E.Pasquier, Wellinger 
lab 
mre11∆ Mat A mre11∆::KanMX his3∆1 leu2∆0 met15∆0 ura3∆0 
YKO library, open 
Biosystems  
JNY61 
MATa ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1 ura3-
1 tlc1∆::KanMX4 + pAZ1 
J.F. Noel, Wellinger 
lab 
JNY151 MATa ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1 ura3- J.F. Noel, Wellinger 
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1 rad52∆::TRP1 tlc1∆::KanMX4 + pAZ1 lab 
 
Plasmids used in this study: 
pCT300 
∼300 bp C1-3A repeats EcoRI fragment of pYLPV in 
the BamHI/SalI site of the cloning vector pVZ1 Bourns et al., 1998 
pAZ1 URA3 – CEN – TLC1 Beeler et al., 1994 
pAZ1.R52 
pVL191-Sal1 fragment (3.3kb) containing RAD52 cloned 





TRP1 - f1 ori (NaeI) - T7 promoter - lacZ'/MCS - T3 
promoter - pMB1 ori - bla 




TRP1 - f1 ori (NaeI) - T7 promoter - lacZ'/MCS - T3 
promoter - pMB1 ori – bla – TBF1 ::NatMX  
 
 
Construction of TBF1 alleles  
 
Three fragment Gibson assembly was used to clone upstream sequences of TBF1, a 
nourseothricin (ClonNAT) antibiotic resistance cassette (NatMX), and sequences downstream of 
TBF1 into the pRS304 plasmid containing the TRP1 auxotrophic marker (Brachmann et al., 1998). 
Fragment 1 consisted of the sequence of TBF1 -165 bp to TBF1 + 93 bp PCR amplified from 
genomic DNA derived from strain W3749 (see Table 1). Fragment 2 was the NatMX cassette 
amplified from plasmid pAG25 (Goldstein and McCusker, 1999). Fragment 3 was a 128 bp 
sequence downstream of TBF1 also amplified from genomic DNA of W3749. PCR conditions for 
fragment amplification are described below. Upstream sequence in fragment 1 and downstream 
sequence in fragment 2 were included to provide homology for genomic integration. The pRS304 
vector plasmid was linearized with BamHI and NotI restriction enzymes. The linearized vector and 
PCR fragments were purified on 0.6% agarose gel prior to the Gibson assembly reaction, which 
was performed according to the manufacturer’s instructions 
(https://www.neb.com/applications/cloning-and-synthetic-biology/dna-assembly-and-
cloning/gibson-assembly). The pRS304-TBF1::NatMX plasmid was cloned in DH5α Escherichia coli 
cells (see transformation protocol below). Clones were grown in liquid Luria broth (LB) + ampicillin 
overnight and the plasmid was extracted using EZ-10 spin column plasmid DNA mini-preps kit 
(Biobasic). The plasmid was sequenced to ensure correct assembly and absence of unwanted 
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mutations. Site-directed mutagenesis primers were designed to introduce the desired amino acid 
substitutions into the pRS304-TBF1::NatMX plasmid using 
http://www.genomics.agilent.com/primerDesignProgram.jsp. These overlapping forward and 
reverse primers were used to perform an “around the world” PCR that amplified the whole 
plasmid while introducing a site-specific point mutation that creates an amino acid substitution. 
Site-directed PCR mutagenesis conditions are listed below. The PCR product was then treated with 
1μl DpnI, a restriction enzyme that only cleaves at methylated sites, thus digesting the cell-derived 
template plasmid and leaving only the PCR-generated mutagenized plasmid. Mutagenized 
plasmids were then again sequenced to ensure that they only contained the desired amino acid 
substitution mutation. Selected clones were cut with restriction enzymes XhoI and SacI to linearize 
a 3704 bp fragment which was then purified on 0.6% agarose gel. The fragment was transformed 
into a W3749 wildtype strain to obtain a TBF1/tbf1-mut::NatMX heterozygous diploid.  
 
Fragment amplification by PCR for Gibson assembly 
 
PCR mix: 
5 μl 4 μM forward primer 
5 μl 4 μM reverse primer 
10 μl 5X Q5 buffer (NEB) 
1 μl 10 mM dNTPs 
0.5 μl Q5 polymerase (NEB) 
1 μl DNA (~20 ng genomic DNA or 10 ng plasmid DNA) 
27.5 μl ddH2O 
50 μl total volume 
 
PCR program: 
Step 1: 98°C 3 minutes 
Step 2: 98°C 30 seconds 
Step 3: 55°C 30 seconds 
Step 4: 72°C 30 seconds/kb 
Repeat steps 2-4 30X 












Site-directed PCR mutagenesis 
 
PCR mix:  
1 μl plasmid (10 ng/μl) (pRS304-TBF1::NatMX)  
5 μl 10X Pfu buffer 
1 μl 10 μM forward primer 
1 μl 10 μM reverse primer 
1 μl 10 mM dNTPS 
1 μl Pfu polymerase 




Step 1: 95°C 30 seconds 
Step 2: 95°C 30 seconds 
Step 3: 55°C 1 minute 
Step 4: 68°C 1 minute/kb 
Repeat steps 2-4 16X 
 
 
Figure 6: pRS304-TBF1-NatMX plasmid.  
A wildtype copy of TBF1 (green arrow) was integrated along with the NatMX antibiotic resistance 
cassette (arrow marked NrsR) and a fragment sequence downstream of TBF1 (grey arrow) into a 
pRS304 TRP1 plasmid. Positions of the XhoI and SacI restriction enzymes used for linearization of 







E. coli transformation 
 
 50 μl of TOP10 or DH5α E. coli cells were thawed on ice in 1.5 ml Eppendorf tubes for 10 
minutes before adding 2 μl of Gibson assembly product or 1 μl of mutagenized plasmid, mixing 
gently, and incubating on ice for 15 minutes. The samples were heat shocked in a 42°C water bath 
for 90 seconds and then placed on ice for 2 minutes. 950 μl of LB broth was added and cells were 
incubated at 37°C for 1 hour with agitation. Cells were centrifuged at 10 000 RPM, 800 μl of 
supernatant was removed, and cells were resuspended in the remaining 200 μl of LB. 50 μl  and 
150 μl  of cells were spread using acid-washed and sterilized glass spreading beads on LB + 
ampicillin plates and incubated overnight at 37°C. Colonies were selected and grown in 3 ml of LB 
+ ampicillin overnight at 37°C. Plasmids were extracted using EZ-10 spin column plasmid DNA 
mini-preps kit (Biobasic) and aliquots were frozen at -20°C to be thawed at 4°C as needed for 




The desired yeast strain was grown in 5 ml of liquid YEPD overnight at 30°C. The next 
morning 0.5-1 ml of culture was transferred to a 1.5 ml Eppendorf tube, centrifuged at 15 000 
RPM and washed once in ddH2O. The pellet was resuspended in 50 μl 1X TE/LiAc. 2-5 μg of DNA 
(PCR product or plasmid) was added. 5 μl of ssDNA (Herring sperm DNA) was denatured for 5 
minutes at 100°C and added to the mix. 300 μl of 40% PEG solution (30 μl 10X TE + 30 μl 10X LiAc 
+ 240 μl 50% PEG) was added. The mixture was vortexed and incubated for 1-2 hours at 30°C and 
then heat shocked at 42°C for 20 minutes. Cells were pelleted by centrifuging for 30 seconds at 15 
000 RPM, resuspended in 200 μl ddH2O and plated on selective media. For cells being transformed 
with an antibiotic resistance cassette cells were grown in 1 ml of YEPD for a minimum of 3 hours 
before being plated on YEPD + antibiotic.  
 
Genomic DNA extraction and quantification  
  
Cells were grown in liquid media at various temperatures as indicated until reaching 
exponential growth phase. Cells in the desired volume of the culture (1.5 ml-5 ml depending on  
culture density) were spun down in 1.5 ml Eppendorf tubes, and washed once in ddH2O. 300 μl of 
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lysis buffer (see composition below) and 300 μl of acid-washed glass beads were added to the cell 
pellet and the tubes were sealed with parafilm. The cells were lysed using a FastPrep (MP 
Biomedicals) for 2X 45 seconds at 4.5 m/s (program 1). In order to remove the glass beads a 
heated 23 gauge needle was used to pierce a hole in the bottom of the Eppendorf tube, ensuring 
that the tube was uncapped to release the pressure before piercing. The pierced tube was placed 
into another 1.5 ml tube and centrifuged for 1 minute at 2000 RPM, with the glass beads 
remaining in the original tube and the cell extract in the new tube. 300 μl of lysis buffer was added 
to the cell extract. DNA was extracted by adding 600 μl of phenol-chloroform, vortexing briefly, 
and centrifuging for 5 minutes at 15 000 RPM. 550 ul of the aqueous phase was transferred to a 
clean Eppendorf and 500 μl of chloroform was added, vortexed briefly, and centrifuged for 5 
minutes at 15 000 RPM. 450 μl of the aqueous phase was transferred to a clean Eppendorf and 1 
ml of -20°C ethanol was added and DNA was precipitated for 1 hour to overnight at -20°C or 30 
minutes at -80°C. The precipitated DNA was centrifuged for 20 minutes at 4°C to pellet the DNA. 
Ethanol was removed and the pellet was washed with 1 ml of 70% cold ethanol by centrifuging for 
5 minutes at 15 000 RPM. Pellets were resuspended by adding 500 μl of TE/RNase (7.5 mg/ml 
RNase) and heating at 37°C for 30 minutes, vortexing once after 15 minutes. 12 μl of 3 M NaOAc 
and 1 ml of cold 100% ethanol were added to each tube, and tubes were then inverted to mix. 
DNA was precipitated for 1 hour to overnight at -20°C or 30 minutes at -80°C. The precipitated 
DNA was centrifuged for 20 minutes at 4°C. Ethanol was removed and the pellet was washed with 
1 ml of 70% cold ethanol by centrifuging for 5 minutes at 15 000 RPM. The pellet was dried at 
room temperature and resuspended in 30 μl of ddH2O. Final DNA concentration was quantified 
(ng/μl) by fluorescence spectroscopy, the DNA samples then frozen at -20°C for storage and 
defrosted at 4°C as needed.  
 
Lysis buffer ingredients for 50 ml (final concentration): 
5 ml Tris 1M (100 mM) 
5 ml EDTA 0.5M (50 mM) 
2.5 ml NaCl 5M (250 mM) 
5 ml SDS 10% (1%) 







Sporulation & microdissection 
  
Sporulation of diploid cells was performed by incubating a selected colony overnight in 3 
ml YEPD. A sample of 700 μl of the culture was centrifuged at 15 000 RPM, washed three times 
with 5 ml sterile nanoH2O, and resuspended in 3 ml 0.5% KAc. The suspension was then incubated 
for minimum 2 days at 23°C. 300 μl of this sporulated culture was spun down at 15 000 RPM and 
washed once in 1 ml sterile nanoH2O. The pellet was then resuspended in 50 μl of zymolase 
solution that has strong lytic activity against yeast cell walls, incubated for 4-6 minutes and 300 μl 
of sorbitol was added. 20 μl of digested asci were then spread on a YEPD plate for microdissection 
into individual spores. Microdissection plates were grown for 2-6 days depending on desired 
colony size and then replica plated or restreaked on to selective media to determine genotypes of 
the individual spores by scoring antibiotic resistance or auxotrophic markers.  
 
 
PCR-mediated gene deletion  
 
 Genomic loci were deleted and replaced with PCR- generated deletion cassettes 
containing auxotrophic or antibiotic resistance markers amplified from pRS plasmids as described 
in (Brachmann et al., 1998). All genomic modifications were verified by Southern blotting using a 
radiolabelled probe that hybridizes to the promoter of the respective gene.  
 
Serial dilution growth tests on solid plates; also referred to as “Spot tests” 
  
Spot tests were used to visualize differences in growth of different genotypes under a 
variety of conditions. Cells were taken from the microdissection plate (20-25 population 
doublings) and grown overnight in YEPD liquid media. An OD660 reading was taken on a 
spectrophotometer and converted to cells/ml using a standardized chart for Saccharomyces 
cerevisiae grown in YEPD that originated from experiments conducted at UC Boulder 
(http://www.pangloss.com/seidel/Protocols/ODvsCells.html). Strains were diluted in 1 ml of 
sterile nanoH2O to 1 x 10
7 cells/ml. 100 μl of diluted cells were transferred to a 96-well plate and 5 
10-fold serial dilutions with sterile nanoH2O were performed in the plate. A replica plater (Sigma-
Aldrich) was used to spot the serial dilutions on to media plates with or without drugs, as 
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indicated. Plates were then grown for 2-3 days at the specified temperature and pictures were 
taken using an ImageQuant LAS 4000(GE Healthcare). A sample spot test is provided below for 
reference in figure 7.  
 
 
Figure 7: Sample spot test comparing growth in different conditions. 
Top two rows: WT cells, Bottom two rows: cells with a mutation. Left panel: rich growth media. 
Right panel: rich media with DNA-damaging drugs. Note that growth difference is between the 
mutant cells in comparison to the WT cells. A similar growth defect in the mutant would also be 
seen in temperature-sensitive strains when grown at the temperature that they are sensitive to.   
 
Southern blot & telomere length analyses 
  
Cells were grown for the indicated number of passages on agar plates, then grown 
overnight in liquid media. Growth of one cell into an average size colony on a plate is considered 
to correspond to about 20 generations. Growth of an overnight culture corresponds to about 10 
generations. Genomic DNA was extracted, 300 ng – 1 μg of it was digested with XhoI (NEB) 
according to manufacturer’s instructions, subjected to agarose gel electrophoresis (0.7% agarose) 
overnight at 60V, and transferred to a Hybond-XL nylon membrane (GE Healthcare). The 
membrane was hybridized for a minimum of 3 hours with a radiolabeled probe (PCT300) that 
consists of a 300 bp fragment containing 280 bp of telomeric repeats and an internal control 
probe from chromosome IV (CENIV) that hybridizes at either 1518 bp or 1621 bp, depending on 
the primers used to PCR amplify the probe fragment. Probes for hybridization were obtained by a 
random priming labeling procedure (REF). The hybridized membrane was then washed for 20 
minutes in 2X SSC at room temperature. Hybridizing bands were visualized using a Typhoon 
FLA9000 (GE Healthcare) and analyzed using the program Gel Analyzer to determine bulk 
telomere length of the TRF using the internal size control and a radiolabelled molecular ladder (1 
kb+, Thermo Fisher Scientific) as calibration for determining band sizes.  Figure 8 is a simplified 
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schematic of XhoI restriction sites at S. cerevisiae telomeres. Figure 9 is an example of how to 
interpret telomere lengths from a Southern blot. 
 
 
Figure 8: Schematic of XhoI restriction sites and terminal restriction fragments (TRF). 
Scissors indicate XhoI restriction sites located in the subtelomeric region. In X-only telomeres, XhoI 
restriction sites (vertical black dashed line) are located at variable distances upstream of the X 
element, and enzymatic digestion liberates a fragment of variable length having terminal 
telomeric TG1-3 repeats (black triangles) that can be hybridized with a radiolabeled telomeric 
probe, represented in red. In XY’ telomeres, XhoI digestion additionally releases a terminal 
restriction fragment called the TRF, which can be used to measure the length of the telomeres. In 
wildtype cells, the Y’ TRF is about 1.2 Kb. It is composed of a subtelomeric region of around 900 
base pairs and a variably sized region of about 300 base pairs that represents the natural length 
variations of telomeric repeats, causing the TRF to appear as a smear on a Southern blot when 






Figure 9: Example of Southern blot to measure telomere length. 
Figure A on the left is an example of a Southern blot of DNA from telomerase-positive cells. It has 
been hybridized with a probe that binds to telomeric repeats (PCT300) and an internal size control 
probe (CENIV) that hybridizes to a unique sequence on chromosome IV, observed at 1621 bp or 
1518 bp, depending on the primer set used to amplify the DNA fragment for the probe. The first 
lane contains a molecular ladder (1 kb+) labelled “M”. Lanes 2 and 3 contain DNA examples 
derived from cells that are known to contain short and wildtype (WT) telomeres, respectively. The 
terminal restriction fragment (TRF) consisting of the terminal restriction fragments of Y’-
containing telomeres are detected as a smear at the bottom of the gel and are used to measure 
telomere length. TG1-3 repeats from X telomeres are visualized as higher molecular size bands due 
to variability in where the first XhoI restriction site is on each telomere. Figure B on the right is an 
example of a Southern blot of telomerase-negative cells that grow as what is called “survivors”. 
The membrane was hybridized to a PCT300 telomeric repeat probe. The first lane contains a 
molecular ladder (1 kb+) labelled “M”. Lane 2 is a type I survivor characterized by amplification of 
the 5.2 kb & 6.7 kb Y’ elements (appearing at slightly larger size than actual element due to where 
XhoI restriction sites are located) and having a short but stable Y’-TRF smear. Lane 3 is a type II 
survivor characterized by loss of a distinct TRF and extremely heterogeneously sized extension and 




Genomic DNA was extracted from cells grown overnight in liquid media, 1 μg of DNA was 
digested with Xho1 (NEB) according to manufacturer’s instructions, and subjected to agarose gel 
electrophoresis (0.7% agarose) overnight at 60V. The non-denaturing in-gel hybridization was then 
performed as described in (Dionne and Wellinger, 1996) in order to visualize the single-stranded 
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telomeric DNA. After, the in-gel was subjected to a denaturing Southern blot in order to visualize 




Proteins were extracted from 0.5-1.5 ml of cells grown to between OD 0.5 and 0.8 using a 
trichloroacetic acid (TCA) extraction protocol. Samples were washed in 1 ml cold water, and kept 
on ice. 100 μl of 20% TCA and approximately 100 μl of glass beads were added to the samples, and 
Cells were lysed using FastPrep program 1 (45 seconds at 4 m/second). The lysate was transferred 
to clean 1.5 ml Eppendorf tubes by piercing the bottom of the tube with a needle, placing it in a 
new tube, and centrifuging at 2000 rpm for 30 seconds. The samples were then centrifuged for 3 
minutes at 15 000 rpm, and the supernatant was removed. The pellet was resuspended in 70 μl of 
2X Laemmli loading buffer with DDT added (62.5 mM Tris pH 6.8, 25% v/v glycerol, 2% m/v SDS, 
0.01% m/v bromophenol blue, 10% v/v 1M DDT) and 30 μl of 1M Tris pH 8.8. The samples were 
boiled for 5 minutes at 100°C in order to denature the proteins. The amount of protein per 
microliter was quantified using Lowry colorimetry (Lowry et al., 1951) and 20 μg of each sample 
was then analyzed on a 10% SDS-PAGE gel. For Rad53 Western blots, samples were migrated for 1 
hour at 100 V and then an additional 2 hours at 150-180 V. The proteins where then transferred to 
Hybond-C nitrocellulose membranes (GE Healthcare) using a BioRad mini Trans-blot Cell apparatus 
for 75 minutes at 100 V. Membranes were stained with Ponceau S in order to verify the quality of 
the proteins and transfer efficacy. The membranes were blocked with 5% m/v powdered milk 
dissolved in 1X PBS-T for 30 minutes. They were then washed 3 times for 5 minutes each in PBS-T 
with agitation at room temperature. Membranes were incubated with rotation overnight at 4°C or 
for 1.5 hours at room temperature with primary antibody, a polyclonal anti-Rad53 antibody from 
rabbit (Abcam ab 104232) at a 1:2000 dilution in 1% m/v milk in 1X PBS. Subsequently, they are 
washed 3 times for 5 minutes in 1X PBS-T at room temperature with agitation. Next, membranes 
were incubated for 1 hour at room temperature with the secondary antibody, a peroxidase-
conjugated anti-rabbit antibody at a 1:5000 dilution in 1% m/v milk + 1X PBS. After this incubation, 
the membranes were washed again 3 times for 5 minutes with 1X PBS-T. For the RNA polymerase 
II loading control, the same steps were performed but with 1:500 anti-RNA pol II primary antibody 
from mouse and 1:5000 peroxidase-conjugated anti-mouse secondary antibody. Enhanced 
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A diploid heterozygous for a deletion mutation of a telomerase component (tlc1∆) and a 
tbf1 mutation was sporulated and microdissected. Individual spores were grown on a YEPD plate 
for about 20-25 population doublings and then grown overnight in liquid YEPD + 0.25 mM EGTA to 
prevent flocculation. The liquid media was prepared in advance in a single batch to be used for the 
entire duration of the assay to ensure homogeneity in growth conditions over the course of the 
assay.  An OD660 reading was taken using a spectrophotometer and converted to cells/ml using a 
standardized chart and cells/ml were used to calculate population doublings with the formula 
LOG(end # of cells/starting # of cells[base 2]). Cells were diluted in 5 ml YEPD + 0.25 mM EGTA to 
between 2 x 105 cells/ml and 4 x 105 cells/ml, depending on the assay. They were grown for 23 
hours, and the process was repeated at the same time each day until all the telomerase-negative 
strains had senesced and formed survivors (10-14 days). The data was then plotted on a graph of 
cells/ml vs population doublings in order to generate a senescence curve. At least 3 independent 
clones were assayed for each telomerase-negative strain. It must be noted that comparisons 
between mutants can only be made within an assay and not between assays due to a variety of 
factors, including possible changes in media composition and influence of potential 
haploinsufficiencies in the parental diploid depending on the genotypes being studied. Figure 10 
provides an example of a graph resulting from a liquid senescence assay.  
 
 
Figure 10: Example graph of liquid senescence assay. 
The WT strain is seen in black and remains at a consistent level of growth, returning to 
approximately the same number of cells/ml after each growth period (23 hrs). The telomerase-
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negative strain tlc1∆ (green) initially starts out with a consistent level of growth, however growth 
slows as it enters a pre-senescence crisis, resulting in a downward slope on the graph as the cells 
enter senescence. The strains reach a peak of senescence, the point where the cells have the least 
growth over a 23 hour period, and the growth rate gradually increases again, as a small subset of 
the cells are able to form post-senescence survivors.  
 
Primers used for the studies: 
Table 2: Primers used in this study 
Name Sequence (5’ 3’) 
Sequencing and amplification of TBF1 
TBF1-FOR CTCTTCTCTTATATATGCAAGGTACAGTGTG 
TBF1-164 F CCTCAATGCTTTGCCCTTCCTTG 
TBF1-434 F CGGGTTTGAGCTGCTACAGTCG 
TBF1-1137 R GCTCATCGAGGCCGCAACAGC 
TBF1 + 93 R GGGAACCAAACAATGCGAAG 
TBF1-REV CCAATAACCGCGACACCTTACC 







TBF1 probe for Southern blot 
TBF1probeF TGAAGAGTGGCAAACCATTGCC 
TBF1probeR GAGGATCAAAACCTGTATTGTCCGA 
Site-directed PCR mutagenesis 
F82S mut FOR AATTTTTCAAACGTTAGTCAAGCTCTCTAAGCAGATCAGAATGATTTACCAC 
F82S mut REV GTGGTAAATCATTCTGATCTGCTTAGAGAGCTTGACTAACGTTTGAAAAATT 
C285Y mut FOR AATTTATCAGAGAGTTGCTGGATTATTATAATAAAAATATGGGTCTCATCATATG 
C285Y mut REV CATATGATGAGACCCATATTTTTATTATAATAATCCAGCAACTCTCTGATAAATT 
K297E mut FOR TCTCATCATATGGGGCAGAGAGGGTCGCGG 
K297E mut REV CCGCGACCCTCTCTGCCCCATATGATGAGA 
R299H mut FOR ATGGGGCAGAAAGGGTCACGGAAAATCACCATTAT 
R299H mut REV ATAATGGTGATTTTCCGTGACCCTTTCTGCCCCAT 
T305C FOR  GGGTCGCGGAAAATCACCATTATGTGACTTTGATGTCAAC 
T305C REV GTTGACATCAAAGTCACATAATGGTGATTTTCCGCGACCC 
D357V mut FOR CACATACACCTACCACAGTTGTGTCTTCCAAAAACCC 
D357V mut REV GGGTTTTTGGAAGACACAACTGTGGTAGGTGTATGTG 
N398S mut FOR TAACAACAGCAGTAACAGCAACAATAGTGGTAGTATCGGATTAAG 
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N398S mut REV CTTAATCCGATACTACCACTATTGTTGCTGTTACTGCTGTTGTTA 
N447D FOR  GGTGGTAAAATCACGGAAGATTTGAAGAACAGGACGC 
N447D REV GCGTCCTGTTCTTCAAATCTTCCGTGATTTTACCACC 
Q453H mut FOR AAATTTGAAGAACAGGACGCATGTACAACTGAAAGATAAAGCC 
Q453H mut REV GGCTTTATCTTTCAGTTGTACATGCGTCCTGTTCTTCAAATTT 
K480R mut FOR GCAAACCATTGCCTGACTATTTGATAAGAGTGACCGGTAACT 
K480R mut REV AGTTACCGGTCACTCTTATCAAATAGTCAGGCAATGGTTTGC 
tbf1-G416A F TCCACTAATGCTTCTTCTGCCTCTTTGGACCAAGTTC 
tbf1-G416A R GAACTTGGTCCAAAGAGGCAGAAGAAGCATTAGTGGA 
tbf1-R451A F CTTTCAGTTGTACCTGCGTCGCGTTCTTCAAATTTTCCGTGAT 
tbf1-R451A R ATCACGGAAAATTTGAAGAACGCGACGCAGGTACAACTGAAAG 
RPD3 deletion  
RPD3 del F ATGGTATATGAAGCAACACCTTTTGATCCGATCACGGTCAGATTGTACTGAGAGT
GCAC 
RPD3 del R TCAATAGAATTCATTGTCATGCTCAACATGTAGGTCCCTCCTGTGCGGTATTTCAC
ACCG 
RPD3 probe for Southern blot 
RPD3 probe F CGGGTGGTGTTATGGATCGT 










TLC1 del pRS FOR AATAAAACTAGAGAGGAAGATAGGTACCCTATGAAAATGTAGATTGTACTGAGA
GTGCAC 
TLC1 del pRS REV TAAATATTAAGAGGCATACCTCCGCCTATCCGCCTATCCTCTGTGCGGTATTTCAC
ACCG 
TLC1 probe for Southern blot 
TLC1-probe FOR ATCTAAATGCATCGAAGGCAT 
TLC1-probe REV CCATGGGAAGCCTACCATCAC 
Probes for telomeric Southern blot and in-gel 
CEN4-probe F ATGCTGTCTCACCATAGAGAAT 
CEN4-probe R CGCTCCTAGGTAGTGCTTT 
ChrIV L GTACCTCGGTTTAGTTAAGCG 
ChrIV R CTCATTCGAATCCATACGACC 
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PCT300 FOR TGCCTGCAGGTCGACTCTAG 
PCT300 REV AAACGACGGCCAGTGAATTG 
CA5-2 (in-gel) CCCACCACACACACCCACACCC 
 
 
RESULTS – CHAPTER I 
 




Essential genes cannot be deleted from the genome in order to assess any resulting phenotypic 
changes. One possibility to overcome this problem is to observe cells harbouring hypomorphic 
alleles that cause a partial reduction in gene function and then compare phenotypes to an 
isogenic wildtype strain. There are a few hypomorphic TBF1 alleles available in two essential gene 
libraries, the Decreased Abundance by mRNA Perturbation (DAmP) Yeast Library (Breslow et al., 
2008), and the temperature-sensitive (ts) allele of essential genes library (Ben-Aroya et al., 2008, 
2010). The DAmP library was created by disrupting the 3’ UTR (untranslated region) with a 
kanamycin antibiotic resistance cassette in order to destabilize the corresponding transcript, 
resulting in a 4- to 10-fold reduction in mRNA levels (Breslow et al., 2008). The temperature-
sensitive library alleles were made through a process of random mutagenesis and screening the 
mutagenized strains for colonies exhibiting temperature sensitivity (Ben-Aroya et al., 2008, 2010). 
A large-scale screen looking for telomere length variations in essential genes using the DAmP 
library demonstrated that the tbf1 DAmP allele has short telomeres (Ungar et al., 2009). 
Additionally, a screen of cells with mutations in DNA damage sensitivity genes found that this 
allele confers sensitivity to MMS (van Pel et al., 2013). A similar screen by another group indicated 




During a summer internship in the Wellinger lab, I screened a number of strains with 
various ts-alleles from the temperature-sensitive library that had previously been selected as 
potentially having telomere length variations. During this small-scale screen, I found that cells 
harbouring the tbf1-ts allele exhibit telomere shortening across a temperature gradient and this 
short telomere phenotype is maintained for many generations (figure 11). At 23°C, cells with the 
tbf1-ts allele had telomeres of wildtype length, however, in cells grown at 34°C, they shorten by 





Figure 11: Southern blot of DNA derived from cells with the tbf1-ts allele. 
Genotypes are listed at the top of the lanes and the molecular ladder is marked M. yku70∆ is used 
as a representative strain having very short telomeres. Cells were grown at various temperatures 
and number of generations, as indicated. The Southern blot was hybridized with a radiolabeled 
PCT300 probe to detect the telomeric TG1-3 repeats and a CENIV probe as an internal size control 
that hybridizes at 1621 bp. The TRF used for telomere length measurements is a variably sized 
smear located as indicated.  
 
 Given that the tbf1-ts allele was generated using a random mutagenesis method, the 
precise allele configuration was not known. Therefore, a DNA fragment with the tbf1-ts allele was 
PCR amplified from genomic DNA using primers located upstream and downstream of the 
genomic locus. The resulting fragment was sent for sequencing 
(http://www.sequences.crchul.ulaval.ca/) to identify the location of the mutations. This approach 
revealed that this allele contains six amino acid substitutions: L240P, Y305C, V374I, V427A, N447D, 







TBF1 alleles  
 
At about the same time, the Longhese group described three other TBF1 alleles generated 
via random mutagenesis and which were used to implicate TBF1 in DNA damage repair (Bonetti et 
al., 2013). We received these mutant alleles, tbf1-1, tbf1-2, and tbf1-3, from the Longhese lab and 
analyzed cells with them for telomere homeostasis phenotypes. The amino acid substitutions in 
those alleles are shown in a schematic in figure 12 and are as follows: F82S and R299H in tbf1-1, 




Figure 12: Schematic representation of the Tbf1 protein and amino acid substitutions of tbf1 
alleles. 
Tbf1 is represented horizontally in gray with the Myb-like DNA binding domain emphasized in 
purple from residues 404-464. Located below are the various amino acid substitutions of the tbf1-
1, tbf1-2, tbf1-3, and tbf1-ts alleles indicated by vertical lines (adapted from Bonetti et al., 2013).  
 
 
Cells with indicated alleles were spotted in serial dilutions onto agar plates in order to 
ensure that the growth phenotypes matched with what was published (figure 13). Cells 
harbouring tbf1-1 were sensitive to heat and DNA damaging agents, displaying reduced growth at 
37°C and on MMS. Cells with tbf1-2 were more heat sensitive those harbouring tbf1-1, exhibiting 
no growth at 37°C, but they were not sensitive to MMS. Cells with the tbf1-3 allele were cold 
39 
 
sensitive, with reduced growth at 23°C, normal growth at 30°C, and slightly reduced growth at 
37°C, and they were also MMS-sensitive.  
 
   
 
Figure 13: Serial dilution growth tests of cells with the tbf1-1, tbf1-2, or tbf1-3 alleles. 
Exponentially growing cultures of haploid cells with the indicated tbf1 alleles were serially diluted 
(1:10) and each dilution was spotted out on to YC plates with or without MMS at the given 
concentrations and grown for 2-3 days at the temperatures listed on the left side of the figure. 
The experiment was repeated on a minimum of 3 independent clones for each genotype with a 
representative example of one clone shown.  
 
 The telomere lengths in cells with either of the tbf1-1, tbf1-2, or tbf1-3 alleles had not 
been determined in the original paper (Bonetti et al., 2013). Therefore, we extracted DNA from 
cells cultured in liquid YEPD at about 30 generations of growth (figure 14). At 23°C and 34°C, cells 
with the tbf1-1 allele exhibited wildtype telomere lengths, but telomeres shortened significantly 
by about 120 bp when cells were grown at 37°C. Cells harbouring the tbf1-2 allele exhibited no 
telomere length differences from wildtype when grown at 23°C or 30°C, but 34°C or higher was 
not tested due to the inability of the cells to grow at those higher temperatures. At 23°C, tbf1-3 
cells had wildtype telomere length. Telomeres were slightly lengthened by ~30 bp in comparison 




Figure 14: Southern blot of telomere lengths of tbf1-1, 2, and 3 alleles.  
Genotypes of cells used are listed at the top of the lanes and the molecular ladder is marked M. 
yku70∆ is included as a positive control for short telomere length. Cells were grown at the 
temperatures indicated for approximately 30 WT generations. The Southern blot was hybridized 
with a radiolabeled PCT300 probe to detect the telomeric TG1-3 repeats and a CENIV probe as an 
internal size control that hybridizes at 1518 bp. The TRF used for telomere length measurements 
is a variably sized smear located as indicated.  
 
Mutations in TBF1 accelerate telomerase-negative cellular senescence 
 
As previously mentioned, the telomeres in telomerase-negative cells gradually shorten 
until cells undergo cellular senescence or growth arrest. For example, cells lacking the either of 
the core essential telomerase components Est2 or the telomerase RNA called Tlc1 behave that 
way (Cohn and Blackburn, 1995; Lendvay et al., 1996). However, a small subset of the population 
is able to evade senescence by maintaining telomeres via homologous recombination-based 
mechanisms (Lundblad and Szostak, 1989). Previous studies have indicated that the time of onset 
of senescence can be influenced by many genetic factors, but not all mechanisms are known 
(Lendvay et al., 1996; Azam et al., 2006; Chang et al., 2011; Ballew and Lundblad, 2013). It should 
be noted that differences in the timing of onset of senescence may arise due to influences that 
occurred in the parental diploid genotype, so comparisons can only be made between clones from 
the same parental diploid (Ballew and Lundblad, 2013). For example, it was shown that tlc1∆ 
clones from a tlc1∆/TLC1 mre11∆/MRE11 diploid have an earlier onset of senescence than those 
from a tlc1∆/TLC1 diploid. All senescence assays represented throughout this paper only compare 
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clones isolated from the same parental diploid that underwent sporulation and microdissection to 
obtain haploids. In the literature, TBF1 was shown to have a role in telomere homeostasis in cells 
with short telomeres and a capping deficiency (Arneric and Lingner, 2007; Ribaud et al., 2011), as 
well as being implicated in homologous recombination, non-homologous end joining, and 
chromatin dynamics (Preti et al., 2010; Bonetti et al., 2013). Inspired by these observations, we 
wanted to examine tbf1 mutants in a telomerase-negative context to see if there was any change 
in the rate of senescence when compared to cells that only lacked telomerase such as tlc1∆ 
mutants.  
 
Strains containing a tbf1 mutant allele and a deletion of tlc1 were made by mating cells 
with tbf1 alleles with tlc1∆ cells (strain JNY61) to obtain tbf1::LEU2/TBF1 tlc1∆/TLC1 heterozygous 
diploid cells (ELBY63 = tlc1∆/TLC1 tbf1-1/TBF1, ELBY54 = tlc1∆/TLC1 tbf1-2/TBF1, ELBY76 = 
tlc1∆/TLC1 tbf1-3/TBF1). Cultures of these diploid strains then were induced to undergo 
sporulation and individual spore bags were microdissected to obtain isogenic haploid spores for 
use in liquid senescence assays, as outlined in the materials and methods section. The results of 
these assays can be seen in figure 15. All three tbf1 mutants accelerated the onset of senescence 
in a telomerase-negative context (tlc1∆) as seen by the double mutants illustrated in red on the 
graphs in comparison to the tlc1∆ strains seen in black. Wildtype clones (dark blue) and tbf1 
mutants (light blue) were subjected to the same experiment. Tbf1-1 and tbf1-3 cells started out 
with a slower growth rate than wildtype cells but eventually reached wildtype levels. Tbf1-2 cells 
displayed very similar growth as compared to wildtype cells. On the graphs (figure 15) there is a 
slight dip in the telomerase positive strains at around 90 generations in figure 15 B and 70 
generations in figure 15 C. This is due to a mechanical problem with the incubator and is not 
reproducible. Given that the telomerase-negative strains had already senesced and formed 










Figure 15: Effect of TBF1 mutations on senescence timing in telomerase-negative cells. 
Senescence rates of telomerase-negative mutants combined with tbf1-1 (Figure A), tbf1-2 (figure 
B), and tbf1-3 (figure C) were compared to isogenic tlc1∆ clones using a liquid senescence assay. 
At least 4 individual clones of each telomerase-negative genotype indicated were assayed, along 
with 2 WT and tbf1 single mutant clones. Next to each graph is a schematic that compares the 






each genotype. Tbf1 tlc1∆ mutants are represented as a red line, tlc1∆ in black, tbf1 single 
mutants are light blue and WT are dark blue. The slight dip seen in the wildtype, tbf1-2 and tbf1-3 
strains at around 70 and 90 generations, respectively, is not due to senescence but mechanical 
failure of the rotator.  
 
 
Making single point mutation tbf1 alleles  
 
The multiple point mutations in the existing tbf1 alleles meant that any phenotypes 
displayed could not be attributed to a single point mutation. The next step was to make 
heterozygous diploids containing tbf1 alleles with single point mutations. Originally, the tbf1 
alleles were made in the W303 yeast genetic background (Bonetti et al., 2013). However, due to 
this background containing a rad5-535 point mutation, we chose a published (Lisby et al., 2004) 
rad5-535-corrected W3749 background to construct heterozygous diploids. A brief description of 
the process will be given here, with full details explained in the materials and methods section. 
The wildtype TBF1 gene, a nourseothricin (ClonNAT) antibiotic resistance cassette (NatMX), and 
sequences downstream of TBF1 were cloned into a pRS304 plasmid using the Gibson assembly 
method to create plasmid pRS304-TBF1::NatMx (See Table 1 and figure 6). DH5α Escherichia coli 
cells were transformed with the plasmid to replicate it. The plasmid was extracted using a 
commercial miniprep kit and clones were sent for sequencing to ensure that the plasmid was 
constructed correctly and the sequence matched the reference genome sequence 
(http://www.yeastgenome.org/locus/S000006049/sequence). This plasmid was then subjected to 
site-directed mutagenesis with primers designed to introduce the desired amino acid substitutions 
and again grown in E. coli, extracted, and sequenced (see Table 2 with primer list in materials and 
methods). The plasmid was linearized using restriction enzymes XhoI and SacI, and transformed 
into a W3749 yeast strain to create a heterozygous diploid containing both a wildtype and a 
mutagenized TBF1 allele at the endogenous loci (TBF1/tbf1::NatMX). The diploid was subjected to 
sporulation conditions to induce meiosis, producing tetrads containing four haploid spores that 
were separated using a microdissection procedure. These spores were then used to compare 
phenotypes of individual point mutation alleles to isogenic wildtype counterparts.  
 
 First, tbf1-1 was broken down into its constituent alleles, tbf1-F82S and tbf1-R299H, 
referred to hereafter as tbf1-82 and tbf1-299. Spot growth tests of tbf1-82 cells in comparison to 
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isogenic wildtype cells are seen in figure 16. At 23°C, tbf1-82 cells exhibited wildtype growth and 
no sensitivity to MMS or phleomycin. At 30°C, they displayed reduced growth and were sensitive 
to both MMS and phleomycin as seen by the smaller colony size and lack of growth compared to 
wildtype. At 37°C the mutant cells were unable to grow under any of the conditions tested but the 
wildtype had robust growth. 
 
 
Figure 16: Spot tests of cells with the tbf1-82 mutation vs WT cells. 
Exponentially growing cultures of haploid strains derived from diploid ELY045 tbf1-
82::NatMX/TBF1 with the indicated genotypes were serially diluted (1:10) and each dilution was 
spotted out on to YC plates with or without MMS and phleomycin at the given concentrations and 
grown for 2-3 days at the temperatures listed on the left side of the figure. The experiment was 
repeated on a minimum of 3 tetrads containing 2 clones of each genotype with a representative 
example of 2 clones of each genotype shown.  
 
 Cells were restreaked from the 30°C spot test plate to see if they could grow at a 
temperature between 30°C and 37°C. Viable but poorly growing colonies were obtained on plates 
at 32°C and DNA was extracted for Southern blot to examine telomere length, in addition to DNA 
taken from cells grown at 23°C. In tbf1-82 cells grown at 23°C, telomeres were slightly longer than 
wildtype (350 ± 14 bp vs 310 ± 6 bp)(figure 17). If the mutation carrying cells were grown at 32°C, 
telomere lengths were the same as wildtype (~270 ± 5 bp), despite the significant growth defect 





Figure 17: Southern blots of DNA derived from cells with the tbf1-82 allele. 
Genotypes of strains are listed at the top of the lanes and the molecular ladder is marked M. The 
Southern blot on the left was performed on DNA extracted from cells grown at 23°C and the blot 
on the right from cells grown at 32°C. Lanes marked with * are undigested samples. The Southern 
blot was hybridized with a radiolabeled PCT300 probe to detect the telomeric TG1-3 repeats and a 
CENIV probe as an internal size control that hybridizes at 1621 bp on the 23°C blot and at 1518 on 




 Growth characteristics of cells with the tbf1-299 allele was also tested across a range of 
temperatures and on MMS but these cells did not exhibit any phenotypic difference from a 
wildtype clone in any condition (figure 18). Southern blot was performed on DNA extracted from 
these tbf1-299 and wildtype cells grown at 23°C and 34°C. Consistent with the above, tbf1-299 
cells exhibited wildtype telomere length at the temperatures tested (figure 19). It must be noted 
that even in wildtype strains, there is a slight telomere shortening between 23°C and 34°C. 
Therefore, telomere lengths determined for strains with specific tbf1 mutations were only 




Figure 18: Spot growth tests of tbf1-299 cells vs WT cells. 
Exponentially growing cultures of haploid strains derived from diploid ELY030 tbf1-
299::NatMX/TBF1 with the indicated genotypes were serially diluted (1:10) and each dilution was 
spotted out on to YC plates with or without MMS at the given concentrations and grown for 3 
days at the temperatures listed on the left side of the figure. The experiment was repeated for a 
minimum of 3 independent clones from different tetrads with a representative example of one 
clone of each genotype shown. A rad50∆ strain is sensitive to DNA damage and those cells were 




Figure 19: Southern blot of DNA derived from cells with the tbf1-299 allele. 
Genotypes are listed at the top of the lanes and the molecular ladder is marked M. Cells were 
grown at 23°C and 34°C, as indicated. The Southern blot was hybridized with a radiolabeled 
PCT300 probe to detect the telomeric TG1-3 repeats and 2 CENIV probes as internal size controls, 
47 
 
which hybridize at 1518 bp and 1621 bp. The TRF used for telomere length measurements is a 
variably sized smear located as indicated.  
 
 
Originally, the tbf1-2 also consisted of two individual point mutations which were 
separated as with the tbf1-1 mutations, generating the tbf1-C285Y and tbf1-N398S alleles, 
referred to hereafter as tbf1-285 and tbf1-398. Unfortunately, a verified heterozygous diploid with 
the tbf1-285 allele could not be obtained and the phenotypes brought on by this allele remain 
unknown. The tbf1-398 mutation on the other hand was successfully integrated and spot tests of 
cells for phenotypic analysis were obtained (figure 20). Haploid cells with this tbf1-398 allele 
demonstrated wildtype growth at 23°C, 30°C, and 37°C, and they were not more sensitive than 
the wildtype cells to phleomycin or MMS. Due to contamination of the phleomycin plate at 37°C, 
data could not be determined for this growth condition. Telomeres of the tbf1-398 alleles 
exhibited wildtype length when verified by Southern blot (figure 21).  
 
 
Figure 20: Spot growth tests of cells with the tbf1-398 allele vs WT cells. 
Exponentially growing cultures of haploid strains derived from diploid ELY047 tbf1-
398::NatMX/TBF1 with the indicated genotypes were serially diluted (1:10) and each dilution was 
spotted out on to YC plates with or without MMS and phleomycin at the given concentrations and 
grown for 2-3 days at the temperatures listed on the left side of the figure. The experiment was 
repeated on a minimum of 3 independent tetrads with a representative example of two clones of 
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each genotype shown. A rad50∆ mutant was included in the last row as a positive control for 




Figure 21: Southern blot of DNA derived from cells with the tbf1-398 allele. 
Genotypes are listed at the top of the lanes and the molecular ladder is marked M. Cells were 
grown at 30°C. The Southern blot was hybridized with a radiolabeled PCT300 probe to detect the 
telomeric TG1-3 repeats and a CENIV probe as an internal size control that hybridizes at 1621 bp. 
The TRF used for telomere length measurements is a variably sized smear located as indicated.  
 
 
Next, all the individual point mutations originally contained in the tbf1-3 allele were made. 
Heterozygous diploids for the tbf1-Q453H and tbf1-K480R mutations (tbf1-453 and tbf1-480) were 
successfully obtained and analyzed (see below). There were sequencing errors in the genomic 
DNA of cells with the tbf1-K297E and tbf1-D357V alleles that prevented their further use.  Given 
that tbf1-299 cells did not show any phenotypic difference from wildtype cells in any of the 
conditions tested and that the K297E mutation is in close proximity, the decision was made to 
focus on the other mutations and not pursue re-making that diploid. The D357V mutation similarly 
was put aside for the time being in order to focus on the tbf1-82 and tbf1-453 alleles that had 
growth defect phenotypes.  
 
Remarkably, cells with the tbf1-453 allele display a severe cold sensitive growth 
phenotype at 23°C as well as sensitivity to MMS and phleomycin (figure 22). At 30°C, the mutant 
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still had a slight growth defect and cells were hyper-sensitive to both DNA-damaging agents when 
compared to wildtype cells. At 37°C tbf1-453 clones exhibited a growth defect and sensitivity to 
MMS and phleomycin.  
 
 
Figure 22: Spot growth tests of cells with the tbf1-453 allele vs WT cells. 
Exponentially growing cultures of haploid strains derived from diploid ELY050 tbf1-
453::NatMX/TBF1 with the indicated genotypes were serially diluted (1:10) and each dilution was 
spotted out on to YC plates with or without MMS and phleomycin at the given concentrations and 
grown for 2-3 days at the temperatures listed on the left side of the figure. The experiment was 
repeated on a minimum of 3 independent tetrads with a representative example of two clones of 
each genotype shown. 
 
 Given that there were varying growth defects across the range of temperatures tested in 
the spot test, telomere lengths in tbf1-453 cells were determined for the same range of 
temperatures (figure 23). In cells grown at 23°C, telomere lengths were wildtype, with tbf1-453 
telomeres being 351 ± 30 bp and wildtype 357 ± 15 bp. However, in two clones with the tbf1-453 
allele, telomeres were about 50 bp longer than the other two clones (compare lanes 2 and 5 to 
lanes 3 and 4, figure 23). In cells tbf1-453 grown at 30°C, telomeres were slightly longer than in 
wildtype cells, averaging 366 ± 10 bp versus wildtype at 318 ± 7 bp. Similarly, if cells were grown 
at 37°C, the tbf1-453 mutations conferred telomeres that were slightly longer at 207 ± 11 bp, 
compared to 165 ± 8 bp for wildtype cells. Overall, in the W3749 strain background, telomeres 
experience a significant shortening if cells were grown at 37°C compared to other temperatures, 
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irrespective of whether there was a TBF1 mutation or not. In order to further examine the 
variability in the telomere lengthening in tbf1-453 clones at 23°C, cells were grown for another 20 
generations on plates and two of the tbf1-453 clones again had telomeres slightly longer than 
wildtype (figure 24). It was noticed that when tbf1-453 cells were grown at 23°C on plates, both 
normal (wildtype size) and small colonies emerged. Liquid cultures were prepared from two small 
colonies and two normal colonies (indicated as 1 and 2, respectively, on the right side of the gel in 
figure 24). It was found that the average telomere length of the small colonies was approximately 




Figure 23: Southern blot of tbf1-453 at various temperatures. 
Genotypes are listed at the top of the lanes and the molecular ladder is marked M. DNA was 
extracted from cells harvested at 150 generations of growth at the temperatures indicated.   The 
Southern blot was hybridized with a radiolabeled PCT300 probe to detect the telomeric TG1-3 
repeats and a CENIV probe as an internal size control that hybridizes at 1621 bp. The TRF used for 








Figure 24: Southern blot of tbf1-453 at 23°C. 
Genotypes are listed at the top of the lanes and the molecular ladder is marked M. DNA was 
extracted from cells harvested at 170 generations of growth. Lanes marked 1 indicate DNA 
extracted from small colonies from plates grown at 23°C and lanes marked 2 indicate DNA 
extracted from normal-sized colonies at 23°C. Telomere lengths calculated from the TRF are 
indicated below the lanes of the individual clones. The Southern blot was hybridized with a 
radiolabeled PCT300 probe to detect the telomeric TG1-3 repeats and a CENIV probe as an internal 
size control that hybridizes at 1518 bp. The TRF used for telomere length measurements is a 
variably sized smear located as indicated. 
 
 
Finally, although located less than 30 amino acid residues away from tbf1-453, the tbf1-
480 mutation conferred no difference from wildtype under any of the conditions tested via spot 
growth tests (figure 25). A rad50∆ mutant was used as a positive control for DNA damage and 
exhibited poor growth on MMS and phleomycin plates. Telomere lengths in cells with the tbf1-480 





Figure 25: Spot tests of tbf1-480 vs WT. 
Exponentially growing cultures of haploid strains from diploid ELY048 tbf1-480::NatMX/TBF1 with 
the indicated genotypes were serially diluted (1:10) and each dilution was spotted out on to YC 
plates with or without MMS and phleomycin at the given concentrations and grown for 2-3 days 
at the temperatures listed on the left side of the figure. The experiment was repeated on a 
minimum of 3 independent tetrads with a representative example of two clones of each genotype 
shown.  A rad50∆ mutant was included in the last row as a positive control for sensitivity to DNA 






Figure 26: Southern blot of tbf1-480. 
Genotypes are listed at the top of the lanes and the molecular ladder is marked M. DNA was 
extracted from cells grown at 30°C. The Southern blot was hybridized with a radiolabeled PCT300 
probe to detect the telomeric TG1-3 repeats and a CENIV probe as an internal size control that 
hybridizes at 1621 bp. The TRF used for telomere length measurements is a variably sized smear 
located as indicated. 
 
 
 In addition to these single amino acid mutation alleles derived from the tbf1-1, tbf1-2 and 
tbf1-3 alleles, two single point mutation alleles derived from the tbf1-ts strain were constructed. 
The Y305C mutation (tbf1-305) was chosen because it is located in a region where tbf1-1 and tbf1-
3 also had mutations (R299H and K297E, figure 12). N447D (tbf1-447) was selected because the 
mutation maps to the Myb-like binding domain relatively close to the Q453H mutation found in 
tbf1-3 and tbf1-453 strains. As is seen in figure 27, neither tbf1-305 cells nor tbf1-447 cells 
exhibited any growth difference from wildtype when spot tested at various temperatures, or on 








Figure 27: Spot tests of two alleles derived from tbf1-ts. 
Exponentially growing cultures of haploid strains with the indicated genotypes were serially 
diluted (1:10) and each dilution was spotted out on to YC plates with or without MMS and 
phleomycin at the given concentrations and grown for 2-3 days at the temperatures listed on the 
left side of the figures. The experiment was repeated on a minimum of 3 independent tetrads with 
a representative example of two clones of each genotype shown.  Figure A illustrates haploid 





447::NatMX/TBF1). At the bottom of figure B tbf1-453 mutants were included as a positive control 




 A review of the literature on proteins that have Myb binding domains revealed a 
phylogenetic analysis of a wide variety of Myb-related domains (Ko et al., 2008). The suggested 
alignments underscore a highly conserved patch of acidic residues common to all Myb-related 
domains across various species. This conservation extends to the Myb-like binding domains of 
mammalian TRF1 and TRF2, as well as the budding yeast Tbf1 and Rap1. A close analysis of this 
conserved region in the chicken c-Myb protein suggests that although this region is in the DNA 
binding domain, certain acidic amino acids appear located on a protein surface, facing away from 
the DNA (Ko et al., 2008). Site-directed mutagenesis revealed that these residues are salt bridge-
forming residues essential for transcriptional activity, efficient chromatin binding, and interaction 
with histone tails. In Tbf1, the proposed Myb-domain salt bridge residue is found at arginine 451. 
Site-directed mutagenesis was used to change that arginine to alanine (R451A), eventually 
creating diploid strains ELY093 & ELY095 with the genotype tbf1-451::NatMX/TBF1. The diploids 
were induced to sporulate, tetrads microdissected and the microdissection plates are seen in 
figure 28. Only two haploid spores out of four grew for each tetrad and no micro colonies 
appeared. The colonies that grew were replica plated and were unable to grow on YEPD + 
nourseothricin, indicating that they contained wildtype clones and no tbf1-451 clones. Thus, the 
tbf1 E451A mutation is lethal in S. cerevisiae. The microdissection was performed twice from two 
separate diploid sporulations to ensure that the lethal phenotype was reproducible.  
 
 
Figure 28: Microdissection plates derived from spore tetrads of tbf1-451::NatMX/TBF1 diploids. 
Sporulated diploids were microdissected into tetrads of haploid spores and grown for 5 days on 






Further analysis of tbf1-82 and tbf1-453 
 
Out of all the single amino acid mutants examined, tbf1-82 and tbf1-453 were both viable 
and exhibited the most significant growth phenotypes in terms of sensitivity to variations in 
temperature and exposure to DNA-damaging drugs such as MMS and phleomycin. Thus they were 
selected for further analysis. First, we wanted to verify if the observed growth phenotypes were 
reproducible in another commonly used S. cerevisiae laboratory strain of a different genetic 
background (BY4705 vs. W3749). First, the tbf1-453::NatMX locus was PCR amplified from a 
W3749-derived haploid clone using upstream and downstream primers and transformed into a 
BY4705 diploid strain. The diploid was then sporulated and microdissected and haploid clones 
were spot tested as seen in figure 29. Like in the W3749 background, BY4705 cells with the tbf1-
453 mutation exhibited a cold sensitivity growth defect at 23°C. However, these cells were much 
more sensitive to DNA damage and in fact inviable on MMS and phleomycin at this temperature. 
At 30°C on YC there was a mild growth defect in comparison to wildtype, but again very little to no 
growth on MMS and phleomycin. At 37°C tbf1-453-cells grew like wildtype cells on YC. The clones 
were slightly sensitive to MMS, exhibiting a growth defect at the higher concentration of 0.02%, 
and also grew very poorly on phleomycin containing plates.  
 
 
Figure 29: Spot growth tests of BY4705 background cells with the tbf1-453 mutation.  
Exponentially growing cultures of haploid strains derived from diploid ELY076 tbf1-
453::NatMX/TBF1 with the indicated genotypes were serially diluted (1:10) and each dilution was 
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spotted out on to YC plates with or without MMS and phleomycin at the given concentrations and 
grown for 3 days at the temperatures listed on the left side of the figure. The experiment was 
repeated on 2 independent tetrads with a representative example of two clones of each genotype 
shown. 
In response to DNA damage, a cascade of phosphorylations leads to phosphorylation of 
Rad53, a main DNA integrity checkpoint effector (Teixeira, 2013). Therefore, examining the 
phosphorylation status of Rad53 via Western blot is a way to assess DNA damage checkpoint 
activation in yeast. Proteins were extracted from tbf1-82 and tbf1-453 cells grown at the 
temperatures where they exhibited the most severe growth defects (semi-permissive 
temperature). A Western blot was performed and probed with anti-Rad53 antibodies to assess 
whether there was a band shift indicating Rad53 phosphorylation (figure 30). Neither mutant 
grown at semi-permissive temperature exhibited detectable Rad53 phosphorylation and the 
Rad53 protein migrated indistinguishable from that derived from wildtype cells, indicating that the 
growth defect was not due to DNA damage-mediated checkpoint arrest (figure 30, lanes 1-6). As 
well, tbf1-82 was grown at 30°C and treated with 5μg/ml of phleomycin and aliquots of cells were 
taken at varying time points for protein extraction. Interestingly, in extracts from tbf1-82 cells 
higher levels of Rad53 phosphorylation were seen in samples taken at both 30 minutes (lanes 8-
10) and one hour (lanes 11-13), suggesting a more effective checkpoint activation response than 
in wildtype cells. At the two hour time point (lanes 14-15) Rad53 phosphorylation was similar in 
wildtype and tbf1-82 cells.  
 
 
Figure 30: Western blot of Rad53 phosphorylation in cells with tbf1-82 and tbf1-453 mutations. 
Lanes 1-6: protein extracts derived from WT, tbf1-82 and tbf1-453 cells grown at the 
temperatures indicated. The * in lane 5 indicates a loading error. Lane 7 was intentionally left 
empty. Lanes 8-15: protein extracts from cells grown at 30°C and treated with 5 μg/ml of 
phleomycin with aliquots taken at various time points as indicated. Rad53 phosphorylation 
(Rad53-P) is seen as a slower migrating band in comparison to unphosphorylated Rad53. RNA pol 
II was used as a protein loading control.  
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Effect of tbf1-82 on the rate of senescence in telomerase-negative cells 
  
As shown above (figure 15), integrating the tbf1-1 mutation into a tlc1∆ strain caused an 
acceleration of senescence. Thus, we were now interested to know if the same held true for tbf1-
82. TLC1 was deleted from the ELY045 tbf1-82::NatMX/TBF1 diploid and replaced with a 
kanamycin antibiotic resistance cassette (KanMX4) to create a tbf1-82::NatMX/TBF1 
tlc1∆::KanMX4 diploid (ELY054). The diploid was sporulated and microdissected to obtain haploid 
clones that were subjected to the liquid senescence assay performed at 30°C (figure 31). The tbf1-
82 tlc1∆ double mutant seen in red senesced earlier than the tlc1∆ single mutant (black). The 
wildtype (dark blue) and tbf1-82 (light blue) were also assayed for growth, with tbf1-82 cells 




Figure 31: Effect of the tbf1-82 mutation on senescence rate in telomerase-negative cells. 
Figure A: Senescence rates of isogenic haploid telomerase-negative clones from tlc1∆/TLC1 tbf1-
82/TBF1 diploid ELY054 compared using a liquid senescence assay. At least 3 individual clones of 
each indicated genotype were assayed. Figure B is a schematic that compares the mean peak 








 Cells were collected from two of the clones of each genotype at the beginning and end of 
the experiment for DNA extraction and telomere length analysis. DNA was digested with the XhoI 
restriction enzyme and subjected to Southern blot analysis (figure 32). At the beginning and end 
of the assay, wildtype cells had telomeres of 285 bp and 300 bp on average, respectively. Tbf1-82 
clones started out about 20 bp shorter than wildtype cells, at 263 bp, and demonstrated a 
significant shortening by the end of the assay, with the telomeres of one clone being 140 bp and 
the other 177 bp, a shortening of over 100 bp from the beginning. This length variation at the end 
of the experiment was greater between the two tbf1-82 clones than any of the other genotypes, 
which showed negligible variation between clones. The starting lengths of the tlc1∆ tbf1-82 clones 
averaged 95 bp and the tlc1∆ clones were 125 bp. Final lengths of telomerase-negative cells were 
not determined due to survivor formation. At the end of the assay, tlc1∆ tbf1-82 strains had only 
formed type I survivors, whereas tlc1∆ exhibited only type II survivors. Type II survivors are 
expected in liquid cultures as they outcompete any type I survivor growth.  
 
 
Figure 32: Southern blot of DNA extracted from tbf1-82 tlc1∆ senescence assay. 
Genotypes are listed at the top of the lanes and the molecular ladder is marked M. Southern blot 
of DNA taken from strains grown at 30°C during senescence assay. Lanes labeled with “start” and 
“end” indicate samples taken at the beginning and end of the assay. Lanes 11 & 12 are type II 
survivors and lanes 15&16 are type II survivors. The Southern blot was hybridized with a 
radiolabeled PCT300 probe to detect the telomeric TG1-3 repeats and a CENIV probe as an internal 
size control that hybridizes at 1621 bp. The TRF used for telomere length measurements is a 
variably sized smear located as indicated. 
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Telomeric ssDNA in tbf1 mutants 
  
 A telomere capping defect very commonly manifests itself by an increase of single-
stranded DNA on telomeres. Therefore, in order to detect such signs, native in-gel hybridization 
was used to determine whether tbf1 mutants have increased amounts of single-stranded 
telomeric DNA (figure 33 A). As can be observed in lanes 6-8, figure 33 A, DNA derived from cells 
with the tbf1-82 mutation does not exhibit significantly different levels of single stranded signal as 
DNA from wt cells (lanes 4-5, figure 33 A). This result also holds true for cells that were grown for 
about 120 generations (Figure 33 A, right part). Virtually identical results were obtained with cells 







Figure 33: ssDNA in-gel assays of tbf1 mutants in comparison to wildtype. 
Figure A is a native in-gel hybridization of DNA derived from strains with the indicated genotype, 
derived from diploid ELY069. Molecular ladder is marked M. ssDNA indicates a positive control of 
ssDNA telomeric repeats. dsDNA is a negative control of dsDNA telomeric repeats to which the 
oligonucleotide probe should not bind under native conditions. Cells were grown continuously in 
liquid and harvested at ~ 30 and 120 generations, as indicated. To the right of the in-gel is a 
denatured Southern blot of the in-gel hybridization to indicate even DNA loading. The Southern 
blot was hybridized with a radiolabeled PCT300 probe to detect the telomeric TG1-3 repeats and a 
CENIV probe as an internal size control that hybridizes at 1518 bp. The TRF is a variably sized 
smear located as indicated. Figure B is the same as figure A but for cells that carry the tbf1-453 




RESULTS – CHAPTER II 
 




 Homologous recombination (HR) involves the exchange of genetic information between 
DNA molecules with identical or highly similar sequence homology (Mathiasen and Lisby, 2014). It 
is characterized by an initiating event, such as a double-strand break (DSB) or a collapsed 
replication fork, which is then repaired using a homologous donor sequence as a template. DSB 
repair is accomplished by two pathways, either HR or non-homologous end joining (NHEJ). HR is 
the dominant repair pathway in S and G2 phases due to the availability of homologous sequences 
that were generated during replication and sister chromatid cohesion. Many proteins are involved 
in a multi-step repair process after a DSB occurs and exonucleolytic 5’ to 3’ resection of DSB ends 
is the critical factor in determining whether repair will proceed via HR. Recruitment of the MRX 
complex (Mre11/Rad50/Xrs2) is one of the first steps in processing a DSB (Symington, 2002) and it 
has functions in both NHEJ and HR. In regards to HR, MRX acts with Sae2 to initiate end resection 
(Lee et al., 1998; Shim et al., 2010), with extensive resection being carried out by the collective 
work of Exo1, Sgs1, and Dna2 (Mimitou and Symington, 2008; Zhu et al., 2008). After resection, 
many DNA damage repair proteins are involved in the subsequent steps of DSB repair, with 
multiple RAD52-dependent HR repair pathways possible (Symington, 2002; San Filippo et al., 
2008). Deletion of RAD52 results in repair defects and sensitivity to DNA damaging agents. 
 
 Many proteins implicated in homologous recombination are also involved in telomere 
homeostasis. Previous research has determined that 5’ end resection in order to generate 3’ 
overhangs at telomeres is largely governed by the actions of  the MRX complex, the nuclease Sae2 
and the helicase Sgs1 (Wellinger et al., 1996; Larrivée et al., 2004; Bonetti et al., 2009). However, 
this resection is tightly regulated due to the capping function of various telomeric protein 
complexes, thus preventing checkpoint activation that occurs as a consequence of DSB 
resection/repair (Wellinger and Zakian, 2012).  Nevertheless, Rad52 also has a role in telomere 
homeostasis. Despite the fact that cells lacking Rad52 have normal telomere lengths when 
telomerase is active, the protein is absolutely required for telomere maintenance in telomerase-
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negative, post-senescence survivor cells due to its role in various HR pathways (Lundblad and 
Szostak, 1989).   
 
Tbf1 mutants negatively interact with rad52∆ 
 
 Previous research showed a synthetic negative interaction when RAD52 was deleted in 
cells that harbour mutated tbf1 alleles (Bonetti et al., 2013), thus we wanted to assess the effect 
of this deletion in the novel tbf1 alleles generated here. Given that a RAD52 deletion negatively 
impacts the rate of senescence, i.e. it accelerates senescence (Lundblad and Szostak, 1989), and 
we observed that tbf1 mutants also accelerated senescence,  triple-heterozygous diploids were 
constructed to analyze the various genetic combinations.  Tbf1-82/TBF1 rad52∆/RAD52 
tlc1∆/TLC1 and tbf1-453/TBF1 rad52∆/RAD52 tlc1∆/TLC1 heterozygous diploids (ELY058 and 
ELY059 respectively) were obtained by mating haploid tbf1-82 (from ELY045) or tbf1-453 (ELY046) 
with a rad52∆ tlc1∆ haploid (JNY151). The diploids were then transformed with the pAZ1.R52 
plasmid, which contains wildtype TLC1 and RAD52 genes and a URA3 auxotrophic marker. This 
was done both to compensate for the TLC1 deletion and to obtain viable haploid spores after 
microdissection, as mutants containing both tbf1 mutants and rad52∆ exhibited extremely poor 
germination capability on the microdissection plate without a backup copy of RAD52 present (data 
not shown).  
 
 A spot test of haploids derived from the tbf1-82/TBF1 rad52∆/RAD52 tlc1∆/TLC1 diploid is 
seen in figure 34. The haploids containing the pAZ1.R52 plasmid as confirmed by growth on YC-
uracil plates (data not shown) were grown in YEPD overnight, serially diluted and spotted on YEPD 
to represent growth with the pAZ1.R52 plasmid (+ pAZ1.R52) and on FOA to select for cells that 
had lost their plasmid (- pAZ1.R52). Each plate represents about 20 wildtype generations of 
growth.  At 23°C on YEPD (+ pAZ1.R52) all genotypes grew similar to wildtype. On FOA (- 
pAZ1.R52), tbf1-82, tlc1∆, and tbf1-82 tlc1∆ grew like wildtype for the first 20 generations after 
losing the plasmid. Rad52∆ tlc1∆ and triple mutant tbf1-82 rad52∆ tlc1∆ experienced similar 
growth defects in comparison to tlc1∆. Rad52∆ and tbf1-82 rad52∆ exhibited similar growth that 
was less than wildtype, with no exacerbation of growth defects seen at 23°C in the double mutant. 
At 30°C the pAZ1.R52 plasmid again was able to complement expected growth deficiencies, as 
seen by robust growth of all genotypes on the YEPD plate. In absence of the plasmid, rad52∆ tlc1∆ 
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grew poorly in comparison to tlc1∆ as expected, but the growth defect was significantly 
exacerbated in the tbf1-82 rad52∆ tlc1∆ mutant. As well, the tbf1-82 rad52∆ double mutant had a 
growth defect when compared to any of the other telomerase-positive single mutants and 
wildtype, but the tbf1-82 rad52∆ tlc1∆ triple mutant was even less viable. Spot tests were not 




Figure 34: Spot test analysis of haploids from tbf1-82/TBF1 rad52∆/RAD52 tlc1∆TLC1 diploid. 
Exponentially growing cultures of the genotypes indicated were serially diluted (1:10), spotted on 
YEPD or FOA plates and grown for 3 days at the temperatures listed on the left side of the figure. 
Clones grown on YEPD contain the pAZ1.R52 plasmid, providing genetic copies of TLC1 and RAD52 
to complement the deletions in the strains. Clones grown on FOA have lost the complementing 
plasmid. The experiment was repeated on 3 independent clones of each genotype from separate 
tetrads with a representative example of one clone of each genotype shown. 
 
 
 The same spot test process on YEPD and FOA was performed on haploids from a tbf1-
453/TBF1 rad52∆RAD52 tlc1∆/TLC1 diploid (ELY059) (figure 35). At 23°C on the YEPD plate all 
telomerase-positive or negative clones containing tbf1-453 experienced a similar growth defect in 
comparison to wildtype as the tbf1-453 mutation was not complemented for by a plasmid. 
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Rad52∆ tlc1∆ and tlc1∆ grew like wildtype, indicating that the pAZ1.R52 plasmid successfully 
complemented the deletion of these genes. In cells that had lost the plasmid (FOA plate), rad52∆ 
tlc1∆ grew poorly in comparison to tlc1∆, and the tbf1-453 rad52∆ tlc1∆ was even less viable. 
However, the telomerase-positive tbf1-453 rad52∆ double mutant grew as poorly as the triple 
mutant, so growth defects could not be attributed to just the telomerase-negative context. At 
30°C cells containing tbf1-453 grew slightly less than wildtype, but much better compared to the 
growth defect seen at 23°C. In absence of the compensatory pAZ1.R52 plasmid (FOA plate), at 20 
generations rad52∆ tlc1∆ and tbf1-453 rad52∆ tlc1∆ had similar growth that was significantly 
reduced in comparison to the tlc1∆ strain. Again tbf1-453 rad52∆ and tbf1-453 rad52∆ tlc1∆ grew 
the same and had a severe growth defect when compared to the other mutants even in the 
presence of telomerase. At 37°C all genotypes had robust growth on YEPD in the presence of the 
complementary pAZ1.R52 plasmid. On the FOA plate without the plasmid tlc1∆ still had wildtype 
growth, but all the other telomerase-negative mutants exhibited a similarly severe growth defect 
with little to no difference between the genotypes. Telomerase-positive tbf1-453 rad52∆ also had 
a severe growth defect, in comparison to both tbf1-453 and rad52∆ single mutants, which had 
small growth defects in comparison to wildtype. Senescence assays in liquid were attempted for 
both the tbf1-82 rad52∆ tlc1∆ and tbf1-453 rad52∆ tlc1∆, but extremely poor growth rate over 24 
hours due to the combination of tbf1 and rad52∆ in even telomerase-positive cells confounded 





Figure 35: Spot test analysis of haploids from tbf1-453/TBF1 rad52∆/RAD52 tlc1∆/TLC1 diploid. 
Exponentially growing cultures of the genotypes indicated were serially diluted (1:10) and spotted 
on YEPD or FOA plates and grown for 3 days at the temperatures listed on the left side of the 
figure. Clones grown on YEPD contain the pAZ1.R52 plasmid, providing genetic copies of TLC1 and 
RAD52 to complement the deletions in the strains. Clones grown on FOA have lost the pAZ1.R52 
plasmid. The experiment was repeated on 3 independent clones of each genotype from separate 
tetrads with a representative example of one clone of each genotype shown. 
 
Tbf1-82 negatively interacts with sgs1∆ 
 
Sgs1 is a RecQ family DNA helicase involved in HR, replication fork progression and 
telomere maintenance (Watt et al., 1996; Frei and Gasser, 2000; Johnson et al., 2001). In addition, 
Sgs1 has been shown to have a role in telomere maintenance in telomerase-negative cells 
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(Johnson et al., 2001; Ngo and Lydall, 2010). Senescence can be accelerated by deletion of SGS1, 
attributed to an accumulation of recombination intermediates (Johnson et al., 2001; Azam et al., 
2006; Lee et al., 2007). As well, only type I survivors formed in telomerase-negative sgs1∆ cells, 
indicating that it is required for type II survivor generation. 
 
  Previous research demonstrated a synthetic negative interaction between sgs1∆ and 
tbf1-1 and tbf1-3 alleles with double mutants exhibiting very poor growth after microdissection of 
a heterozygous diploid (Bonetti et al., 2013). Thus, we wanted to see if the synthetic sick 
phenotype also occurred between sgs1∆ and the tbf1-82 and tbf1-453 alleles. An SGS1 deletion 
cassette replacing SGS1 with the TRP1 auxotrophic marker was transformed into a tbf1-82/TBF1 
tlc1∆/TLC1 diploid to create a heterozygous triple mutation diploid (ELY065). The diploid was 
sporulated and microdissected to obtain haploids for further analysis of both telomerase-positive 
and negative phenotypes. Spot tests of the telomerase-positive genotypes were performed, as 
seen in figure 36. At 23°C the tbf1-82 and sgs1∆ single and double mutants grew similar to 
wildtype on complete media. Sgs1∆ and tbf1-82 sgs1∆ were equally sensitive to 0.01% MMS 
whereas tbf1-82 was not. At 30°C on complete media sgs1∆ grew like the wildtype, tbf1-82 had 
reduced growth, and the double mutant showed a synthetic negative interaction with poorer 
growth than tbf1-82.  On 0.01% MMS both single mutants had severe growth defects and the 
double mutant was inviable.  
 
 
Figure 36: Negative interaction between tbf1-82 and sgs1∆. 
Spot test of telomerase-positive ELY065 clones. Exponentially growing cultures of the genotypes 
indicated were serially diluted (1:10) and spotted on YC or YC + 0.01% MMS plates that were 
grown for 3 days at 23°C or 30°C. The experiment was repeated on 3 separate tetrads containing 




 A senescence assay performed on telomerase-negative haploids derived from ELY065 is 
seen in figure 37 A; with a comparison of the peak of senescence and standard deviation of each 
genotype found in figure 37 B. As expected, tlc1∆ tbf1-82 (red) senesced significantly earlier than 
tlc1∆ (black).  Interestingly, despite a significant growth defect seen in the tlc1∆ tbf1-82 sgs1∆ 
triple mutants (purple), there was no exacerbation of the tlc1∆ tbf1-82 early senescence 
phenotype, with both genotypes reaching the peak of senescence within a statistically similar 
range of population doublings.  As well, although tlc1∆ sgs1∆ had a decrease in viability when 
compared to tlc1∆ as seen by the decreased number of cells at the peak of senescence, there was 




Figure 37: Effect of SGS1 deletion on tbf1-82 senescence rate in telomerase-negative cells.  
Figure A: Senescence rates of isogenic telomerase-negative mutants from ELY065 compared using 
a liquid senescence assay. At least 3 individual clones of each genotype indicated were assayed.  
Figure B is a schematic that compares the mean peak senescence point and standard deviation in 
population doublings (horizontal axis) of each genotype. 
 
At the same time as assaying senescence, telomerase-positive clones of the various 
genotypes underwent the same procedure in order to analyze growth differences, with the results 





(dark blue) started out with slower growth and showed an improvement over time, but never 
reached wildtype growth levels. Confirming what was seen via spot test, the tbf1-82 sgs1∆ double 
mutant (light blue) started out with very poor growth in comparison to tbf1-82. It also 
demonstrated improvement over the course of the assay; however its growth never quite reached 
that of the single mutant.    
 
 
Figure 38: Liquid growth assay of ELY065 telomerase-positive cells. 
Telomerase-positive clones of the mutant genotypes and wildtype were assayed in liquid to 
compare growth differences over time. 
 
DNA was extracted from cells harvested at about 30 wildtype generations (microplate + 
overnight liquid culture), and subjected to Southern blot (figure 39) to analyze bulk telomere 
length of the TRFs of the various genotypes.  At the end of the senescence curve, DNA was 
extracted from the same clones and analyzed again by Southern blot to look at survivor formation 
of telomerase-negative clones and telomere length of telomerase-positive clones. Average 





Genotype Average TRF length (bp ± bp) 
 beginning of assay end of assay 
tlc1∆ tbf1-82 139 ± 8 - 
tlc1∆ sgs1∆ tbf1-82 156 ± 36 - 
tlc1∆ sgs1∆  128 ± 13 - 
tlc1∆  161 ± 10 - 
tbf1-82 320 ± 0 215 ± 43 
tbf1-82  sgs1∆   337 ± 10 281 ± 10 
sgs1∆   300 ± 5 294 ± 5 
WT 312 ± 11 319 ± 7 
 
Table 3: Average bulk telomere lengths at beginning and end of ELY065 senescence assay. 
The bulk telomere length and standard deviations as measured from the TRFs of the different 
genotypes indicated. Telomere length was unable to be measured for telomerase-negative strains 








Figure 39: Southern blot of DNA extracted from tbf1-82/TBF1 sgs1∆/SGS1 tlc1∆/TLC1 
senescence assay. 
Genotypes are listed at the top of the lanes and the molecular ladder is marked M. Cells were 
grown at 30°C. Figure A: Southern blot of DNA taken from telomerase-positive strains grown in 
senescence assay. Lanes labelled with “start” and “end” indicate samples taken at the beginning 





strains grown in senescence assay. Lanes labelled with “start” and “end” indicate samples taken at 
the beginning and end of the assay. Lanes 3, 4, 8, and 12 are type I survivors; lanes 7, 11, and 16-
18 are type II survivors. The Southern blots were hybridized with a radiolabeled PCT300 probe to 
detect the telomeric TG1-3 repeats and a CENIV probe as an internal size control that hybridizes at 




 At the beginning of the senescence assay the telomerase-positive genotypes all had very 
similar bulk telomere length, as seen in table 3 and figure 39. A noticeable telomere shortening 
was seen in the tbf1-82 clones between the beginning and end of the experiment. Although both 
clones exhibited telomere shortening, there was a very high variability between the two, with one 
shortening much more than the other (172 bp vs. 258 bp). However, it cannot be ruled out that 
the other clone may have become as short if the assay had been continued for longer. The tbf1-82 
sgs1∆ also shortened slightly over the course of the experiment; however the wildtype and sgs1∆ 
clones remained the same length. At the start of the senescence assay the telomerase-negative 
clones had bulk telomere lengths within ~30 bp of each other, however it must be noted that only 
2 clones of each genotype were Southern blotted, with the exception of tlc1∆. The tlc1∆ tbf1-82 
sgs1∆ triple mutant formed type I survivors for both clones by the end of the assay (figure 39 B, 
lanes 3, 4). Both the tlc1∆ tbf1-82 and tlc1∆ sgs1∆ each had one clone exhibiting a type I survivor 
pattern (lanes 8, 12) and one clone that was able to form type II survivors (lanes 7, 11). All the 
tlc1∆ clones resulted in type II survivors (lanes 16-18), as expected due to type II outcompeting 
type I when both are present in liquid.  
 
Tbf1-453 negatively interacts with sgs1∆ 
 
 SGS1 was deleted and replaced with the TRP1 auxotrophic marker in a tbf1-453/TBF1 
tlc1∆/TLC1 diploid to create a triple mutation heterozygous diploid (ELY067). The diploid was 
sporulated and microdissected to obtain haploids for further analysis. Spot tests of the 
telomerase-positive genotypes were performed, as seen in figure 40. On complete synthetic 
media at 23°C tbf1-453 had reduced growth, sgs1∆ grew like wildtype, and the tbf1-453 sgs1∆ 
double mutant demonstrated a synthetic sick phenotype. At 23°C on synthetic media with 0.01% 
MMS the wildtype grew normally but the single mutant alleles grew poorly and the tbf1-453 
sgs1∆ clones were inviable. Sgs1∆ grew like wildtype but tbf1-453 had a severe growth deficiency 
on 5μg/ml phleomycin and the tbf1-453 sgs1∆ mutants failed to grow at all. These results were 
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recapitulated at 30°C. At 37°C on synthetic complete media the tbf1-453 sgs1∆ double mutant 
grew the same as the tbf1-453 clones, with no exacerbated growth defects. However, the double 





Figure 40: Genetic interactions of tbf1-453 with sgs1∆. 
Spot test of telomerase-positive ELY067 clones. Exponentially growing cultures of the genotypes 
indicated were serially diluted (1:10) and spotted on YC plates with or without MMS and 
phleomycin at the given concentrations. Plates were grown for 2-3 days at the temperatures listed 
on the left side of the figure. The experiment was repeated on 3 separate tetrads containing all 
four genotypes with a representative example of a single clone of each genotype shown. 
 
 Telomerase-negative haploids derived from ELY067 were assayed for differences in 
senescence rates, seen in figure 41 A; with a comparison of the peak of senescence and standard 
deviation of each genotype found in figure 41 B. tlc1∆ tbf1-453 senesced earlier than tlc1∆, 
however despite very poor growth of the tlc1∆ tbf1-453 sgs1∆ clones there was no exacerbation 
of the early senescence phenotype in the triple mutant. The peak of senescence occurred at 
roughly the same number of population doublings in tlc1∆ sgs1∆ and tlc1∆ clones, yet the double 
mutant had more difficulty recovering from senescence with slower population doublings than 
tlc1∆. Only two tlc1∆ sgs1∆ clones were able to be maintained for the full length of the assay due 
to bacterial contamination of two out of the four clones. Also, a telomerase-positive growth curve 
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is not displayed due to bacterial contamination of many of the telomerase-positive strains during 
the assay, necessitating discarding of those clones. The most likely source of the contamination 
was determined to be use of unfiltered pipette tips when diluting liquid cultures. Due to the fact 
that there was no exacerbation of the tlc1∆ tbf1-453 accelerated senescence phenotype in the 
tlc1∆ tbf1-453 sgs1∆ triple mutant, as well as similar results with tlc1∆ tbf1-82 sgs1∆, the assay 





Figure 41: Effect of SGS1 deletion on senescence rate of tbf1-453 in telomerase-negative cells . 
FIGURE A: Senescence rates of isogenic telomerase-negative mutants from ELY067 were 
compared using a liquid senescence assay. At least 3 individual clones of each genotype indicated 
were assayed, with the exception of n=2 for tlc1∆ sgs1∆.  FIGURE B is a schematic that compares 
the mean peak senescence point and standard deviation in population doublings (horizontal axis) 
of each genotype. 
 
DNA was extracted from cells from the first liquid culture off the microdissection plate 
(~30 WT population doublings), and subjected to Southern blot (figure 42) to analyze bulk 
telomere length of the TRFs of the various genotypes. DNA was again extracted for Southern blot 
analysis at the end of the senescence curve. Due to the previously mentioned bacterial 
contamination some clones were not able to be included in the assay. Average telomere lengths 






Genotype Average TRF length 
(bp ± bp) 
 beginning of assay 
tlc1∆ sgs1∆ tbf1-453 149 ± 15 
tlc1∆ tbf1-453 120 ± 7 
tlc1∆ sgs1∆  156 ± 13 
tlc1∆  124 ± 17 
tbf1-453 275 ± 17 
tbf1-453  sgs1∆   320 ± 12 
sgs1∆   284 ± 2 
WT 262 ± 9 
 
Table 4: Average bulk telomere lengths at beginning and end of ELY067 senescence assay. 
The bulk telomere length and standard deviations as measured from the TRFs of the different 
genotypes indicated. Telomere length was unable to be measured for telomerase-negative strains 
at the end of the assay due to survivor formation and for telomerase-positive strains due to 







Figure 42: Southern blot of DNA extracted from tbf1-453/TBF1 sgs1∆/SGS1 tlc1∆/TLC1 
senescence assay. 
Genotypes are listed at the top of the lanes and the molecular ladder is marked M. Cells were 
grown at 30°C. Figure A: Southern blot of DNA taken from telomerase-positive strains at the 
beginning of the senescence assay. Figure B: Southern blot of representative sample of 
telomerase-negative strains grown in senescence assay. Lanes labelled with “start” and “end” 
indicate samples taken at the beginning and end of the assay. Lanes 4-7, 14, 15, and 18 are type I 





with a radiolabeled PCT300 probe to detect the telomeric TG1-3 repeats and a CENIV probe as an 




 As seen in table 4 and figure 42, telomere lengths measured from the telomerase-
negative strains are in a similar ~30 bp range for all genotypes at the beginning of the senescence 
assay. Tlc1∆ tbf1-453 sgs1∆ clones only formed type I survivors by the end of the assay (figure 42, 
lanes 4-7). The tlc1∆ tbf1-453 double mutant had two clones that formed type I (lanes 14, 15) and 
two clones that formed type II survivors (lanes 12, 13). Tlc1∆ sgs1∆ had one clone of each type 
(lanes 18, 19). As expected due to the previously mentioned survivor growth characteristics, tlc1∆ 
only had type II survivors by the end of the assay (lanes 23-35). Unfortunately due to 
contamination of several of the telomerase-positive strains DNA was only extracted from cells 
collected at the beginning of the senescence assay. Tbf1-453 and sgs1∆ had telomere lengths 
similar to wildtype, and the tbf1-453 sgs1∆ double mutant was slightly longer (~30 bp) than the 
single mutants. 
 
Tbf1-453 negatively interacts with mre11∆ 
 
 To create a tbf1-453/TBF1 mre11∆/MRE11 diploid (ELY078), a tbf1-453::NatMX haploid 
from ELY076 (tbf1-453::NatMX/TBF1) was mated with the mre11∆::KanMX strain from the 
commercially available Yeast Knockout Collection (YKO) library.  It must be noted that this 
construct is derived from a different strain background (BY4705) than used throughout this paper. 
This is due to the fact that we wanted to verify the tbf1-453 growth phenotype in both the W3749 
and BY4705 backgrounds to see if it was consistent between the two. The mre11∆::KanMX strain 
from the YKO library was readily available versus having to create a deletion cassette and verify 
the deletion in the W3749 strains, so it was used as a preliminary test to see if tbf1-453 interacted 
with mre11∆.  
 
 Haploid clones of the different genotypes were spot tested for comparison, as seen in 
figure 43. At 23°C on YC, the tbf1-453 mre11∆ double mutant exhibited virtually no growth in 
comparison to the other strains and was significantly worse than the tbf1-453 growth defect. 
None of the mutant strains were able to grow on 0.01% MMS, whereas the wildtype grew well. 
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Mre11∆ had slight growth on phleomycin, but both tbf1-453 and the double mutant were 
inviable. At 30°C on YC, mre11∆ grew as wildtype, tbf1-453 had a slight growth defect but better 
growth than at 23°C, and the double mutant was synthetically sick. All three mutants were again 
inviable on MMS. Mre11∆ was able to grow on phleomycin, but less than wildtype. Tbf1-453 and 
the double mutant were unable to grow on phleomycin. At 37°C everything grew fairly closely to 
wildtype, however mre11∆ and tbf1-453 mre11∆ were dead on MMS. Tbf1-453 did not exhibit 
sensitivity to 0.01% MMS at 37°C. 
 
 
Figure 43: Genetic interactions of tbf1-453 with mre11∆. 
Spot test of ELY078 haploid clones. Exponentially growing cultures of the genotypes indicated 
were serially diluted (1:10) and spotted on YC plates with or without MMS and phleomycin at the 
given concentrations and temperatures indicated. The experiment was repeated on 3 separate 
tetrads containing all four genotypes with a representative example of a single clone of each 
genotype shown .N.D. indicates data not determined.  
 
Cells were taken from the microdissection plate and grown in liquid at 30°C and DNA was 
extracted for telomere length analysis by Southern blot, seen in figure 44. Mre11∆ telomeres are 
significantly shorter than wildtype, as expected from what is known in the literature. Despite the 
growth defect in the tbf1-453 mre11∆ double mutant, there was no exacerbation of the length 





Figure 44: Southern blot of clones from ELY078 tbf1-453/TBF1 mre11∆/MRE11. 
Genotypes are listed at the top of the lanes and the molecular ladder is marked M. DNA was 
harvested from cells were grown at 30°C for approximately 30 wildtype generations. The Southern 
blot was The Southern blot was hybridized with a radiolabeled PCT300 probe to detect the 
telomeric TG1-3 repeats and a CENIV probe as an internal size control that hybridizes at 1518 bp. 





RESULTS - CHAPTER III  
 




 Multiple lines of evidence demonstrate that Tbf1 has a role in chromatin modulation at 
both the promoters of protein-coding genes and in subtelomeric regions (Fourel et al., 1999, 
2001; Lebrun et al., 2001; Lavoie et al., 2010; Preti et al., 2010; Bonetti et al., 2013). Research by 
the Longhese group investigating the DNA damage response in the tbf1-1 and tbf1-3 alleles 
showed a synthetic rescue of sensitivity to DNA damaging agent phleomycin upon deletion of 
RPD3 in a tbf1-1 strain (Bonetti et al., 2013). Rpd3 is a histone deacetylase (HDAC) that forms two 
complexes, Rpd3S and Rpd3L, which have distinct members and functions in the cell (Pile and 
Wassarman, 2000; Knott et al., 2009; Zhou et al., 2009; Ehrentraut et al., 2010; Milliman et al., 
2012). The complexities of its role in the subtelomeric region remain to be fully elucidated, as 
acetylation profiles change on some histones and not others in rpd3∆ strains (Zhou et al., 2009; 
Ehrentraut et al., 2010). Previous work showed an interaction between TBF1 and RPD3, making it 
a logical starting point for genetic assays combining the tbf1-82 & tbf1-453 alleles with chromatin 
mutants.  
 
Interactions between tbf1-82 and rpd3∆ 
  
RPD3 was deleted via endogenous genomic integration of a PCR-generated deletion 
cassette where RPD3 was replaced with a TRP2 auxotrophic marker in a tbf1-82::NatMX 
heterozygous diploid (ELY045). The tbf1-82::NatMX rpd3∆ diploid (ELY054) was sporulated and 
microdissected into isogenic spores of the desired genotypes for comparison. The spores were 
grown for approximately 20 wildtype population doublings on the microdissection plate and then 
cultured in liquid YEPD overnight. The strains underwent 10-fold serial dilutions, were spotted 





Figure 45: Interactions between tbf1-82 and rpd3∆. 
Exponentially growing cultures of indicated genotypes were serially diluted (1:10) spotted on to YC 
plates with or without MMS and phleomycin at the given concentrations. Plates were grown for 2-
3 days at the temperatures listed on the left side of the figure. The experiment was repeated on 3 
separate tetrads containing all four genotypes with a representative example of a single clone of 
each genotype shown. 
 
 Figure 45 shows that at 23°C tbf1-82 and tbf1-82 rpd3∆ clones grew similarly under all 
conditions tested. Tbf1-82 cells had a growth defect on bleomycin, which was not rescued by the 
deletion of RPD3 at 23°C. At 30°C, tbf1-82 experienced a reduction in growth that was very slightly 
ameliorated in the double-mutant but did not reach the same level of growth as rpd3∆ or wildtype 
cells. However, on 0.01% and 0.015% MMS, tbf1-82 growth was extremely impaired, with a 
dramatic rescue of function when RPD3 was deleted, as seen in the double mutant. Interestingly, 
rpd3∆ also experienced poor growth on 0.015% MMS, improved by the mutation of tbf1. 
However, rpd3∆ did not rescue the lethality experienced by tbf1-82 on bleomycin at 30°C, as 
indicated by the negligible growth of the double mutant. Deletion of RPD3 was also unable to 
rescue the temperature sensitivity of tbf1-82 at 37°C, with both the single and double mutant 
being inviable. As well, treatment with MMS and bleomycin was lethal for rpd3∆ at this 
temperature. Overall, deletion of RPD3 in a tbf1-82 cell line was shown to alleviate growth defects 





 Given the rescue phenotype of the double mutants as seen in the previous spot tests, we 
wanted to investigate at whether deletion of RPD3 could have an impact on the observed early 
rate of senescence of tbf1-82 mutants in a telomerase-negative background. A triple-
heterozygous diploid (ELY069) was obtained by mating a tbf1-82::NatMX rpd3∆::TRP1 haploid 
with a previously verified isogenic tlc1∆::KanMX + pAZ1-TLC1::URA haploid. The diploid grew for 
20 generations on YEPD and was plated on 5-FOA to select for cells that had lost the the TLC1 
wildtype gene on the pAZ1 plasmid. Heterozygous diploids were sporulated and microdissected to 
give isogenic telomerase-negative strains for the liquid senescence assay as described in the 
materials and methods section. At least three clones of each tlc1-negative genotypic combination 
were assayed. In addition, at least 2 telomerase-positive clones of the same genotypes underwent 





Figure 46: Effect of RPD3 deletion on senescence rate of tbf1-82 in telomerase-negative cells.  
Figure A: Senescence rates of isogenic telomerase-negative mutants compared using a liquid 
senescence assay. At least 3 individual clones of each genotype indicated were assayed.  Figure B 
is a schematic that compares the mean peak senescence point and standard deviation in 







 RPD3 deletion has an impact on the accelerated senescence of tlc1∆ tbf1-82 mutants, 
providing a partial rescue (figure 46).  The tlc1∆ tbf1-82 rpd3∆ triple mutants (purple) reached 
peak senescence approximately 10 population doublings later than the tlc1∆ tbf1-82 double-
mutants (red). However, tlc1∆ tbf1-82 and tlc1∆ tbf1-82 rpd3∆ strains still had a high mortality 
rate when compared to tlc1∆ clones, in addition to difficulty forming post-senescence survivors. 
This is evidenced by the lower number of cells/ml and longer population doublings seen in the 
double and triple mutants at the peak of crisis and during the post-crisis period. The tlc1∆ rpd3∆ 
(pale blue) and tlc1∆ (black) mutants reached peak senescence around the same time, but there 
was a slight increase in the mortality of tlc1∆ rpd3∆ mutants when compared to tlc1∆. However, 
they did not have as much difficulty recovering from senescence as tlc1∆ tbf1-82 and tlc1∆ tbf1-82 
rpd3∆ strains. Overall, RPD3 deletion partially reversed the early senescence of tlc1∆ tbf1-82 cells, 
but did not impact the higher mortality rate and slow growth post-senescence. 
 
 Telomerase-positive clones of tbf1-82¸tbf1-82 rpd3∆, rpd3∆, and wildtypes were grown 
for the duration of the senescence assay (figure 47). Tbf1-82 (dark blue) started out with the 
slowest growth but displayed an increased growth capacity over time. Interestingly, tbf1-82 rpd3∆ 
double-mutants (pale blue) had better starting growth rates in comparison to tbf1-82 but did not 
have the same growth rate increase over time, with growth remaining fairly stable across the 
length of the assay. Wildtype (black) and rpd3∆ (green) experienced steady, consistent growth 
rates with rpd3∆ growing marginally slower than WT. 
 
 
Figure 47: Liquid growth assay of telomerase-positive cells. 




 DNA was extracted from cells taken at the first overnight liquid culture off the microplate, 
at about 30 wildtype generations and Southern blotted to analyse telomere length (figure 48 A). 
DNA was again extracted from the same clones at the end of the senescence curve and survivor 
formation and telomere length were analyzed by Southern blot (figure 48 B). Bulk telomere 
lengths of the terminal restriction fragments (TRFs) of all the genetic combinations were 
measured and displayed in table 5.  
 
Genotype Average TRF length (bp ± bp) 
 beginning of assay end of assay 
tlc1∆ tbf1-82 141 ± 17 - 
tlc1∆ rpd3∆  tbf1-82 172 ± 18 - 
tlc1∆ rpd3∆  179 ± 21 - 
tlc1∆  200 ± 28 - 
tbf1-82 314 ± 7 263 ± 7 
rpd3∆  tbf1-82 299 ± 10 264 ± 13 
rpd3∆   307 ± 14 287 
WT 291 ± 4 315 
 
Table 5: Average bulk telomere lengths at beginning and end of tlc1∆ tbf1-82 rpd3∆ senescence 
assay. 
The bulk telomere length and standard deviations as measured from the TRFs of the different 
genotypes indicated. Telomere length was unable to be measured for telomerase-negative strains 









Figure 48: Southern blot of DNA extracted from tbf1-82 rpd3∆ tlc1∆ senescence assay. 
Genotypes are listed at the top of the lanes and the molecular ladder is marked M. Cells were 
grown at 30°C. Figure A: Southern blot of DNA from cells taken at the beginning of the senescence 
assay. Figure B: Southern blot of DNA from cells taken at the end of the senescence assay.  Lanes 
1,2 and 8-16 contain type II survivors, lanes 3-7 contain type I survivors. Lanes 17-25 are 
telomerase-positive clones of the indicated genotypes. The Southern blots were hybridized with a 
radiolabeled PCT300 probe to detect the telomeric TG1-3 repeats and a CENIV probe as an internal 






As seen in figure 48 and table 5, although slightly shorter, the tlc1∆ tbf1-82 average 
starting telomere length does not appear to be significantly different enough from those of the 
other telomerase-negative genotypes in order to justify the degree of accelerated senescence. 
Survivor formation of all the telomerase-negative genotypes is seen in figure 48 B. tlc1∆ tbf1-82 
and the triple mutant tlc1∆ tbf1-82 rpd3∆ were able to form both types I and II survivors, whereas 
in tlc1∆rpd3∆ and tlc1∆ clones only type II survivors were seen, due to type II survivors typically 
outcompeting type I survivors when both are present in liquid. All the telomerase-positive clones 
exhibited average TRF lengths that were within the wildtype range, despite poorer growth of the 
tbf1-82 clones at the beginning of the assay. However, tbf1-82-containing clones shortened 
slightly between the beginning and the end of the assay, but whether this is biologically significant 
remains to be investigated.  
 
Interactions between tbf1-453 and rpd3∆ 
 
Tbf1-453::NatMX (from ELY046) and rpd3∆::TRP2  tlc1∆::KanMX (from ELY069) haploids 
were mated together to make a tbf1-453::NatMX tlc1∆::KanMX rpd3∆::TRP2 heterozygous diploid 
(ELY070). The diploid was sporulated and microdissected into isogenic spores of the desired 
genotypes. The spores were grown for approximately 20 wildtype population doublings on the 
microdissection plate and then cultured in YEPD overnight. The telomerase-positive strains were 
10-fold serially diluted, spotted on the indicated plates, and grown at the temperatures listed, as 





Figure 49: Interactions of tbf1-453 with rpd3∆. 
Exponentially growing cultures of the genotypes indicated were serially diluted (1:10) and spotted 
on YC plates with or without MMS and phleomycin at the given concentrations. Plates were grown 
for 2-3 days at the temperatures listed on the left side of the figure. The experiment was repeated 
on 4 independent clones of each genotype from separate tetrads with a representative example 
of 2 clones of each genotype shown. N.D. indicates data not determined.  
 
 In figure 49, at 23°C, tbf1-453 demonstrated reduced growth that was slightly improved 
by deletion of RPD3. The double-mutant could not achieve wildtype growth levels as indicated by 
the difference in the size and number of colonies formed. At this temperature, tbf1-453 displayed 
high sensitivity to 0.005% MMS and experienced almost no growth. However, when RPD3 was 
deleted, the double mutant showed a significant improvement and grew the same as rpd3∆ cells. 
Despite this positive synthetic interaction, there was negligible improvement in growth of the 
double mutant when compared to tbf1-453 cells when exposed to 2 μg/ml phleomycin. However, 
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at 30°C, deletion of RPD3 improved the growth of tbf1-453 mutants on 0.005% and 0.01% MMS, 
as well as 2 μg/ml phleomycin. The double mutants grew close to wildtype on MMS and a lesser, 
but still noticeable, improvement was seen on phleomycin. At 37°C, no improvement was seen in 
the growth of tbf1-453 rpd3∆ strains in comparison to tbf1-453 strains. As well, the rpd3∆ cells 
were more sensitive than wildtype to both concentrations of MMS at this temperature but grew 
slightly better than strains containing the tbf1-453 mutation. Deletion of RPD3 in tbf1-453 
mutants provided a partial rescue of DNA damage-induced growth defects.  
 
Figure 50 displays the results of the senescence assay for ELY070. Tlc1∆ tbf1-453 rpd3∆ 
results indicate that deletion of RPD3 has an impact on the increased rate of senescence seen in 
tlc1∆ tbf1-453 mutants, providing a partial rescue of the early senescence phenotype.  The tlc1∆ 
tbf1-453 rpd3∆ triple mutants (purple) reached their peak of senescence approximately 10 
population doublings later than the tlc1∆ tbf1-453 double-mutants (red); however there was a 
high level of heterogeneity between isogenic clones. The experiment was repeated from the 
diploid stage onward, and again showed the same trend towards a delay of approximately 10 
population doublings between the tlc1∆ tbf1-453 double mutants and the tlc1∆ tbf1-453 rpd3∆ 
strains, this time with less heterogeneity. The tlc1∆ tbf1-453 rpd3∆ clones had increased mortality 
and difficulty forming post-senescence survivors when compared to the other double or single 
mutants. This is indicated by the lower number of cells surviving at the crisis peak and longer and 
fewer population doublings during the post-peak survivor formation period. The tlc1∆ tbf1-453 
strains also showed significant decrease in viability and in survivor formation when compared to 
the tlc1∆ rpd3∆ (pale blue) and tlc1∆ (black) mutants. These genotypes reached the peak of 
senescence around the same time, but there was a slight increase in mortality of the tlc1∆ rpd3∆ 













Figure 50: Effect of RPD3 deletion on senescence rate of tbf1-453 in telomerase-negative cells. 
Figure A: Senescence rates of isogenic mutants were compared in a telomerase-negative context 
using a liquid growth senescence assay. At least 3 individual clones of each genotype indicated 
were assayed.  Figure B is a schematic that compares the mean peak senescence point and 




In addition to the telomerase-negative strains analyzed above, telomerase-positive clones 
of the various genotypes underwent the same treatment in order to analyze growth differences 
(figure 51). Tbf1-453, shown in dark blue, grew the slowest at the beginning, but displayed an 
increased growth capacity over the course of the assay, eventually growing slightly faster than the 
tbf1-453 rpd3∆ double-mutant (pale blue). The double-mutant initially had better growth than 
tbf1-453 but did not experience the same increased growth over the time course. Wildtype (black) 








Figure 51: Liquid growth assay of telomerase-positive cells. 
Telomerase-positive versions of the mutant genotypes and wildtype were assayed in liquid to 
compare growth differences over time. 
 
DNA was extracted from cells harvested at about 30 wildtype generations (microplate + 
overnight liquid culture), and subjected to Southern blot (figure 52 A). Bulk telomere lengths of 
the TRFs of all the genetic combinations were analyzed and displayed in table 6. At the end of the 
senescence curve, DNA was extracted from the same clones and analyzed again by Southern blot 
to look at survivor formation and telomere length (figure 52 B). Average telomere lengths are 
reported in table 6. 
 
Genotype Average TRF length (bp ± bp) 
 beginning of assay end of assay 
tlc1∆ tbf1-453 146 ± 14 - 
tlc1∆ rpd3∆  tbf1-453 169 ± 22 - 
tlc1∆ rpd3∆  176 ± 16 - 
tlc1∆  170 ± 10 - 
tbf1-453 290 ± 9 332 ± 15 
rpd3∆  tbf1-453 274 ± 4 306 ± 8 
rpd3∆   283 ± 6 279 ± 6 
WT 277 291 ± 15 
 
Table 6: Average bulk telomere lengths at beginning and end of tlc1∆ tbf1-453 rpd3∆ senescence 
assay. 
The bulk telomere length and standard deviations as measured from the TRFs of the different 
genotypes indicated. Telomere length was unable to be measured for telomerase-negative strains 






Figure 52: Southern blot of DNA extracted from tbf1-453 rpd3∆ tlc1∆ senescence assay. 
Genotypes are listed at the top of the lanes and the molecular ladder is seen marked M. Cells 
were grown at 30°C. Figure A: Southern blot of DNA from cells taken at the beginning of the 
senescence assay. Figure B: Southern blot of DNA from cells taken at the end of the senescence 
assay. Lane 1 contains type I & II survivors, lanes 2 & 4 contain type I survivors, lanes 3 & 5-15 
contain type II survivors. * in lane 9 indicates degraded sample. Lanes 16-25 are telomerase-
positive clones of the indicated genotypes. The Southern blots were hybridized with a 
radiolabeled PCT300 probe to detect the telomeric TG1-3 repeats and a CENIV probe as an internal 








The tlc1∆ tbf1-453 average starting telomere length was slightly shorter than that of the 
other telomerase-negative mutants but did not appear to be significantly different (figure 52, 
table 6). Survivor formation of the telomerase-negative genotypes is seen in figure 52 B. tlc1∆ 
tbf1-453 and the triple mutant tlc1∆ tbf1-453 rpd3∆ formed both types I and II survivors. The fact 
that two clones formed only type I survivors in a liquid assay may indicate that they had trouble 
forming type II survivors, as they typically out-compete type I survivor growth in liquid. Indeed, in 
tlc1∆ and rpd3∆ tlc1∆ clones only type II survivors occurred by the end of the assay. The 
telomerase-positive telomere lengths can be seen in figure 52 and table 6. At the beginning of the 
assay all the telomerase-positive clones exhibited average TRF lengths that were similar to 
wildtype, even though there were some slight differences in growth rate. At the end of the assay 
tbf1-453 strains exhibited mild telomere lengthening when compared to wildtype or rpd3∆. 
 
TBF1 genetically interacts with HTZ1 
 
Given that RPD3 demonstrated a positive interaction with TBF1, the next step was to look 
for a negative interaction between tbf1 mutants and a chromatin regulator. HTZ1, which encodes 
histone H2A variant H2A.Z, was chosen as a potential target for such an interaction. It is involved 
in transcriptional regulation through influencing chromatin compaction and has an anti-silencing 
role at subtelomeres (Meneghini et al., 2003; Guillemette et al., 2005).   HTZ1 influences 
transcription, as H2A.Z-containing nucleosomes facilitate the passage of RNA Pol II by allowing for 
the correct assembly of RNA Pol II elongation complexes and promote efficient nucleosome 
remodeling at promoters (Meneghini et al., 2003; Santisteban et al., 2011). In addition, it has been 
shown to counteract the spread of heterochromatin-forming proteins, much like Tbf1 is proposed 
to do (Fourel et al., 1999; Preti et al., 2010). The overlap in functions of TBF1 and HTZ1 led to the 
investigative question of whether these proteins are affecting the same process through different 
avenues. If that would be the case, one could expect a synthetic negative interaction when HTZ1 is 







Tbf1-82 negatively genetically interacts with htz1∆ 
 
A tbf1-82::NatMX htz1∆::URA3 heterozygous diploid (ELY083) was obtained by mating 
tbf1-82::NatMX (from ELY045) and htz1∆::URA3 (EPY072) haploids together. The diploid was 
sporulated and microdissected into isogenic spores of the desired genotypes which were grown 
on the YEPD microdissection plate at 30°C for approximately 30 wildtype generations, to allow for 
sufficient growth of the poorly growing tbf1-82 htz1∆ double-mutant in order to perform 
downstream analyses. Colonies were grown in YEPD at 30°C overnight, OD660 was measured, 
strains were diluted to 1 x 107 cells/ml and further 1:10 serial dilutions were made in a 96 well 




Figure 53: Functional interaction of tbf1-82 and htz1∆ alleles. 
Exponentially growing cultures of indicated genotypes were serially diluted (1:10) and spotted on 
YC plates with or without MMS and phleomycin at the given concentrations.  Plates were grown 
for 2-3 days at the temperatures listed on the left side of the figure. The experiment was repeated 
on 3 separate tetrads containing all four genotypes with a representative example of a single 
clone of each genotype shown. 
 
 Figure 53 illustrates that the tbf1-82 htz1∆ double mutant experienced a growth defect on 
untreated synthetic media at both 23°C and 30°C. As well, it had increased sensitivity to both 
0.01% MMS and 2 μg/ml phleomycin when compared to the tbf1-82 single mutant. This increased 
sensitivity was less evident on phleomycin at 30°C due to the already severe sensitivity of tbf1-82.  
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Assays were not performed at 37°C due to the fact that tbf1-82 had previously been 
experimentally demonstrated to be inviable at that temperature and a rescue effect was not 
anticipated based on the growth defect of the double mutant seen from the microdissection plate 
onward. Cells were taken from each of the genotypes of the spot test and grown in YEPD at 30°C 
overnight, for a total of about 60 wildtype generations from microplate to liquid culture. DNA was 
extracted from two clones of each genotype and Southern blotted was to compare telomere 
length of the different mutants (figure 54). Wildtype telomeres measured 295 ± 2 bp, tbf1-82 
were 287 ± 11 bp, htz1∆ were 266 ± 6 bp, and the tbf1-82 htz1∆ double mutants were 244 ± 3 bp.  
The double-mutant telomeres were approximately 20 bp shorter than any of the other genotypes, 
but more clones would have to be measured in order to ensure that this result is reproducible.  
 
 
Figure 54: Southern blot of telomere length of tbf1-82 and htz1∆ mutants compared to WT. 
Southern blot was performed to analyze telomere length of DNA extracted from cells grown at 
30°C for 50 generations on plates and then cultured overnight in liquid YEPD. Genotypes are as 
indicated above the lanes and the molecular ladder is indicated by an M. The Southern blot was 
hybridized with a radiolabeled PCT300 probe to detect the telomeric TG1-3 repeats and a CENIV 
probe as an internal size control that hybridizes at 1518 bp. The TRF is a variably sized smear 








tbf1-453 negatively genetically interacts with htz1∆ 
 
Haploids of tbf1-453::NatMX (from ELY046) and htz1∆::URA3 (EPY072) were mated to 
create a heterozygous diploid (ELY084). The diploid was sporulated and microdissected on YEPD 
into isogenic spores of the different genotypes. Spores were grown at 30°C on the microdissection 
plate for approximately 30 wildtype generations, in order to obtain large enough tbf1-453 htz1∆ 
colonies for further analysis. Colonies were grown in YEPD at 30°C overnight, OD660 was measured, 
cultures were diluted to 1 x 107 cells/ml in order to further serial dilute (1:10) and perform spot 
tests under the conditions indicated in figure 55.  
 
 
Figure 55: Functional interactions of tbf1-453 and htz1∆ alleles 
Exponentially growing cultures of the indicated genotypes were serially diluted (1:10) and spotted 
on YC plates with or without MMS/ phleomycin at the given concentrations and grown at the 
temperatures listed on the left side of the figure for 2-3 days. The experiment was repeated on 3 
separate tetrads containing all four genotypes with a representative example of a single clone of 





 As shown in figure 55, at both 23°C and 30°C the tbf1-453 htz1∆ double mutant exhibited 
the same growth defects as tbf1-453 across all conditions tested, with no exacerbation of the poor 
growth or DNA damage sensitivity of the single-mutant. Surprisingly, despite no previous 
indication of growth defects, the double-mutant was dead at 37°C, with both single mutants able 
to form colonies at this temperature, although not as efficiently as wildtype. As well, at 37°C both 
tbf1-453 and htz1∆ exhibited similar sensitivity to MMS and phleomycin and grew poorer than the 
wildtype. In summary, the double-mutant behaves as the tbf-453 mutant with the exception of a 
synthetically lethal negative interaction seen at 37°C.  
 
Cells were taken from the 30°C spot test plate, re-streaked on YEPD plates and grown for 
3 days at 34°C to try and obtain cells at a semi-permissive growth temperature below 37°C. Liquid 
cultures of YEPD were inoculated from the 34°C plates and the 23°C spot test plates and grown 
overnight. DNA was extracted from two clones of each genotype at both temperatures and a 
Southern blot was performed to compare telomere length of the different mutants compared to 
wildtype, as seen in figure 56. At 23°C the following telomere lengths were observed: WT = 277 ± 
19 bp, tbf1-453 = 310 ± 26 bp, tbf1-453 htz1∆ = 289 ± 5 bp, and htz1∆ = 312 ± 12 bp.  At 23°C, all 
the genotypes had telomere lengths within roughly the same range. At 34°C the telomere lengths 
were as follows: WT = 326 ± 14 bp, tbf1-453 = 323 bp (1 clone only), tbf1-453 htz1∆ = 284 ± 0 bp, 
and htz1∆ = 304 ± 4 bp. The single mutants are within the same length range of the wildtype and 
the tbf1-453 htz1∆ double-mutant appears marginally shorter at 34°C, however more clones 




Figure 56: Southern blot of telomere length of tbf1-453 and htz1∆ mutants compared to WT. 
Southern blot was performed to analyze telomere length of DNA extracted from cells grown at 
23°C on the left of the gel and 34°C on the right of the gel. Genotypes are as indicated above the 
lanes and the molecular ladder is marked by an M. An undigested sample is indicated by *. The 
Southern blot was hybridized with a radiolabeled PCT300 probe to detect the telomeric TG1-3 
repeats and a CENIV probe as an internal size control that hybridizes at 1518 bp. The TRF is a 
variably sized smear located as indicated. 
 
 
Discussion & Conclusions 
 
 
 Multiple existing hypomorphic tbf1 alleles exhibit various phenotypic defects and have 
been useful for preliminary investigations into the role of Tbf1 in the cell. Both the tbf1-ts allele 
(Ben-Aroya et al., 2008) and the tbf1 alleles created by the Longhese group (Bonetti et al., 2013) 
contain multiple point mutations (figure 12), thus making it difficult to ascribe phenotypic 
variations to the mutation of a specific residue. The mutations in these alleles were used as a 
starting point to narrow down potential amino acids critical for Tbf1 function, through 
construction and genomic integration of individual amino acid substitution mutations that had 
never been previously analysed. Through this effort, we were able to attribute phenotypic 
differences to single point mutations, allowing us to gain further insight into the role of Tbf1 in the 
cell, determine previously unknown functions, and better characterize genetic interactions. 
 
Analysis of TBF1 mutants  
 
 Tbf1-1 was separated into individual point mutation alleles tbf1-82 (F82S) and tbf1-299 
(R299H). As reported in the original publication (Bonetti et al., 2013), tbf1-1 was sensitive to high 
temperature and DNA damaging drugs (figure 13). In Bonetti et al. 2013, tbf1-1 was shown to 
have almost no growth at 37°C, however when we spot tested the alleles, it did have more growth 
than had previously been reported, although still less than wildtype. This discrepancy may be 
accounted for by the fact that when we performed the assay, plates at 37°C had very poor growth 
when checked at two days and were incubated for another day before taking pictures. Although 
telomere length was not assessed in the original publication, we found that tbf1-1 exhibited a mild 
telomere length phenotype at higher temperatures (Figure 14). As well, when the tbf1-1 allele was 
incorporated in a telomerase-negative (tlc1∆) strain, the rate of senescence was accelerated in 
comparison to tlc1∆ as determined using a liquid senescence assay (figure 15). The DNA damage, 
heat sensitivity, and early senescence phenotypes seen in tbf1-1 were recapitulated in tbf1-82 
mutants (figures 16 and 31). Interestingly, the second mutation found in tbf1-1, R299H (tbf1-299), 
had no phenotypic variations from wildtype under any of the conditions tested (figure 18). Thus, it 




The growth defect seen in tbf1-82 is not due to Rad53-mediated checkpoint activation, as 
no Rad53 phosphorylation was seen via Western blot when tbf1-82 strains grown at the semi-
permissive temperature of 32°C were compared to wildtype (figure 30). However, when tbf1-82 
strains were cultured in liquid containing 5 μg/ml of DNA damaging drug phleomycin, Rad53 
phosphorylation occurred at an earlier time point than was seen in wildtype cells. This indicates 
that these mutants are more sensitive to DNA damaging agents, and have a robust checkpoint 
response that could explain the poor growth seen in spot tests on plates containing DNA damage 
inducing drugs. 
 
 Tbf1-82 did not fully reproduce the telomere shortening across a temperature gradient 
seen in the original analysis of tbf1-1 telomere length, but did exhibit length variations under 
certain conditions. When DNA was extracted from colonies grown on plates at 23°C, tbf1-82 
exhibited slightly longer telomeres (~40 bp) than wildtype (figure 17). Despite this, at 32°C where 
tbf1-82 had a severe growth defect, telomere length was wildtype (figure 17). This was 
maintained even when the cells were cultured on plates for over 100 generations before DNA 
extraction. Surprisingly, when tbf1-82 was propagated in liquid culture at 30°C during the course 
of the senescence assays, telomeres were wildtype length in cells taken from the first liquid 
culture off the microdissection plate (~30 wt population doublings) but exhibited a significant 
shortening of over 100 bp by the end of the assay in several independent clones (figures 32, 39, 
and 48; tables 3 and 5). This effect was consistently seen in several independent senescence 
assays from different parental diploids, although the amount of shortening varied between clones. 
It is possible that the strains acquired a compensatory mutation that led to telomere shortening 
but conferred a growth advantage, allowing cells with this mutation to outcompete cells lacking it 
over time in liquid media. This has been observed before in cells lacking DNA damage repair 
proteins SAE2 and SGS1, with the double deletion driving selection for compensatory mutations in 
YKU70/80 which conferred shorter telomeres (Hardy et al., 2014). However, the only way to verify 
this would be to sequence the genes of known short telomere mutants in the tbf1-82 strains 
exhibiting the telomere length defect. Another explanation could be that given Tbf1 is a 
transcription factor, the tbf1-82 mutant affects the transcription level of a gene or genes involved 
in telomere maintenance and a deficiency in this transcript leads to shortening over time. The list 
of genes that Tbf1 is known to bind upstream of (Preti et al., 2010) was reviewed, and no obvious 
genes affecting telomere maintenance were present, other than PAF1, which has been shown to 
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affect telomerase RNA abundance when mutated (Mozdy et al., 2008). However, a compensatory 
mutation that permits some cells to outcompete others in liquid seems a more likely explanation; 
if it were a transcriptional deficiency of PAF1, one would expect the same shortening over 
generations to be seen with growth on plates.  
 
In addition to a change in telomere length during the liquid assay, when the growth 
patterns of tbf1-82 clones were analysed, it was observed that the clones started out with slower 
growth than wildtype, as evidenced by reaching a lower number of cells than wildtype during the 
same 23 hour time period after being diluted to the same starting number of cells (figures 31, 38, 
and 47). This slower growth rate improved throughout the course of the assay, however it did not 
reach wildtype levels. It is not known whether this improvement in growth and shortening in 
telomere length are linked. In future experiments, DNA will be extracted from cells collected at 
each day to determine if the telomere shortening is a sudden event or occurs as a progressive 
shortening over the course of the assay.  
 
 The tbf1-3 allele consists of the mutations K297E, D357V, Q453H, and K480R (Bonetti et 
al., 2013)(figure 12). When tbf1-3 was spot tested, it exhibited a growth defect at 23°C and 37°C 
(figure 12). This was unexpected as in the original paper no defects were seen at any temperature 
tested. However, they did not look at growth below 25°C. Like tbf1-1, tbf1-3 exhibited slightly 
short telomeres at higher temperatures when the alleles received from the Longhese group were 
initially analysed (figure 14). Like tbf1-1 tlc1∆, the tbf1-3 tlc1∆ double mutant also had an 
accelerated rate of senescence when compared to tlc1∆ in a liquid senescence assay (figure 15). 
The Q453H mutation was especially interesting for further investigation because it is the only 
mutation in the tbf1-1, 2, and 3 alleles that is located in the Myb-like DNA binding domain that 
spans an approximately 60 amino acid region in the C-terminus of Tbf1 (Bonetti et al., 2013). Like 
tbf1-3, tbf1-453 grew poorly in comparison to wildtype at 23°C and 37°C, and was sensitive to 
DNA damaging drugs (figure 22). In addition, the tbf1-453 mutation also accelerated senescence 
when present in telomerase-negative cells (figures 41 and 50). Like tbf1-82, there was no Rad53 
phosphorylation seen by Western blot in cells grown at the semi-permissive temperature of 23°C 
(figure 30), therefore its significant growth defect does not appear to occur due to Rad53-
mediated checkpoint activation. As well, once multiple spot test assays were performed on tbf1-
453 clones derived from different parental diploids, we observed that the growth defect at 37°C 
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was variable. For example, tbf1-453 mutants from the ELY050 diploid (figure 22) had poor growth 
at 37°C, whereas ones from ELY076 (figure 29) and ELY084 (figure 55) diploids exhibited better 
growth at 37°C. However, even in the strains with better growth at 37°C, growth was slower than 
wildtype for the first two days and then appeared to improve, indicating that at 37°C they may 
have functional limitations they need to overcome during growth. 
   
 Despite similar temperature and DNA damage sensitivity in tbf1-3 (figure 13) and tbf1-453 
(figure 22), the telomere shortening across a temperature gradient seen in tbf1-3 did not occur in 
tbf1-453. Tbf1-453 had either wildtype telomeres or trended towards a slight telomere 
lengthening (figures 23 and 24). This discrepancy may be due to the slightly different strain 
backgrounds. The alleles from the Longhese group were W303 background containing a rad5-535 
mutation, and RAD5 is a gene that is implicated in DNA damage repair and associates with 
telomeres (Fallet et al., 2014). The strain tbf1-453 was constructed in, W3749, is also W303 but 
with the rad5-535 mutation corrected (Lisby et al., 2004). Interestingly, it was noticed that there 
were two different sized colonies when tbf1-453 was grown at 23°C. When the telomere length of 
DNA extracted from the small colonies was compared to that of the wildtype-sized colonies, the 
small colonies had longer telomeres (figure 24). Thus, it is possible that there is a compensatory 
mutation that can occur in tbf1-453 that improves growth and maintains wildtype telomere 
length, or that some of the cells are able to compensate for Tbf1 dysfunction through other 
mechanisms, and cells that are unable to do this experience telomere elongation. It remains to be 
seen whether this lengthening is biologically relevant, as it is not a large increase in length as seen 
in other mutants with known telomere lengthening, such as rif1∆ and rif2∆, which lengthen by 
over 100 bp (Hardy et al., 1992a; Wotton and Shore, 1997).  Like tbf1-82, an improvement in 
growth was observed in telomerase-positive tbf1-453 clones when they were grown during a 
liquid senescence assay (figure 51). However, unlike tbf1-82, tbf1-453 did not experience any 
significant telomere shortening when propagated in liquid for over 100 generations (figure 52). 
This indicates that although the two alleles share many similar phenotypes, there may be a 
separation of function between them. Being able to characterize a separation of function between 
mutations located in different structural regions of the protein could significantly aid in analysis of 




We next analyzed the K480R mutation due to its location in the C-terminus like Q453H, 
but located outside the DNA binding domain. Tbf1-480 exhibited no phenotypic differences from 
wildtype under any of the conditions tested. Ultimately, only the Q453H (tbf1-453) and K480R 
(tbf1-480) mutants were analysed from the parental tbf1-3 mutations as some difficulties were 
encountered when making the K297E and D357V mutations. The mutations were present on the 
plasmid but were lost during the homologous recombination-mediated process of integration into 
diploid cells. The phenotypes seen tbf1-453 were very similar to the tbf1-3 allele, therefore we 
postulate that the Q453H mutation is solely responsible for the defects observed in tbf1-3, 
however the K297E and D357V mutations will need to be analyzed in the future to be able to state 
this with absolute certainty.   
 
 Interestingly, mutation of any residue in the Myb-like DNA binding domain is not in itself 
sufficient to cause phenotypic changes in the cell. For example, the tbf1-447 mutation, located 
only six residues away from tbf1-453, behaved like wildtype under all of the conditions tested 
(figure 27). However, mutation of amino acid 451 (tbf1-451), a highly conserved residue that is 
involved in forming a salt bridge (Ko et al., 2008), was lethal to the cell (figure 28). This salt bridge 
is most likely intramolecular, with disruption of it affecting Myb-domain stability, as salt bridges 
are important in providing stability for the tertiary structure of a protein. Thus, the effects of the 
tbf1-453 mutation are specific and most likely due to the proximity of this mutation to the critical 
451 residue. Mutation of amino acid 452 is underway to see if it is viable and behaves similarly to 
tbf1-453.  It has not been determined at this point if the DNA binding of tbf1-453 and tbf1-82 is 
different from wildtype, however we are aiming to do this through chromatin 
immunoprecipitation (ChIP) of known Tbf1 binding sites. It is evident that these mutants must 
retain some DNA binding ability, otherwise the cells would be unable to fulfill their essential 
function, resulting in lethality.  
  
It was originally hypothesized that the R299H (tbf1-299) and Y305C (tbf1-305) mutations 
would have phenotypes different than wildtype, as all four alleles (tbf1-1, 2, 3 and tbf1-ts) had 
mutations in this area. Tbf1-1 was mutated at residue 299, tbf1-2 at 285, tbf1-3 at 297, and tbf1-ts 
at amino acid 305. However, tbf1-299 and tbf1-305 behaved as wildtype (figures 18 and 27). It 
remains to be seen whether the C285Y and K297E confer any sensitivity to temperature, DNA 
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damage, or have differences in telomere length. It will be interesting to see if C285Y is sensitive to 
DNA damage or temperature, as tbf1-2 exhibited little to no sensitivity to DNA damage, but was 
quite heat sensitive, losing viability above 30°C (figure 13). The other mutation in tbf1-2, N398S, 
behaved as wildtype (figure 20). It is not expected that C285Y will have any telomere length 
variation, as tbf1-2 did not. However, it is possible that this mutation will accelerate senescence in 
telomerase-negative cells as tbf1-2 tlc1∆ senesced earlier than tlc1∆ (figure 15). If this is the case, 
it would be quite interesting and point towards mechanisms other than just DNA damage 
sensitivity being involved in the early senescence phenotype of tbf1 mutants and could also 
provide information on potential separation of function alleles.  
 
TBF1 is a previously unknown regulator of cellular senescence 
 
A major finding of this study is that Tbf1 is a previously unknown regulator of cellular 
senescence. Indeed, mutations in TBF1, such as tbf1-1, 2, and 3, as well as the subsequently 
derived tbf1-82 and tbf1-453 mutations, were all found to significantly accelerate the rate of 
senescence of telomerase-negative cells by over 10 population doublings when compared to an 
isogenic telomerase-negative single mutant (figures 15, 31, 37, 41, 46, and 50). This early 
senescence was not due to accelerated telomere shortening, as tbf1-82 tlc1∆ and tbf1-453 tlc1∆ 
double mutants did not have significantly shorter telomeres than tlc1∆ single mutants at the 
beginning of the liquid senescence assays (figures 32, 39, 42, 48, and 52). In addition, increased 
end resection leading to a capping defect is also not suspected as a cause, as tbf1-82 and tbf1-453 
telomerase-positive strains did not exhibit any increase in telomeric ssDNA in comparison to 
wildtype (figure 33). Although it is unlikely, this does not completely rule out the possibility of 
increased end resection in a telomerase-negative context. Native in-gel hybridization could be 
performed on cultures early after telomerase loss to see if the double mutant accumulates ssDNA 
at an earlier time point than the single mutant.   
 
Although bulk telomere shortening can be eliminated as a cause of early senescence in 
these tbf1 mutants, there is the possibility that inability to repair a critically short telomere is 
triggering senescence. Due to their GC rich content, telomeric regions are notoriously difficult to 
replicate (Wellinger and Zakian, 2012). Tbf1 may aid replication fork passage through the 
subtelomeric region through chromatin remodelling as well as facilitating access of repair proteins 
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when replication fork stalling or other DNA damage occurs in this region.  Increased telomeric 
breakage could occur if Tbf1 cannot function properly, leading to early senescence despite no 
global telomere length issues. Pol32 is a polymerase subunit that plays an important role in 
replication (Huang et al., 2002). It is required for the break-induced replication repair (BIR) 
pathway, and pol32∆ telomerase-negative cells senesce early and cannot form survivors (Lydeard 
et al., 2007). A tlc1∆ tbf1 pol32∆ triple mutant could be analysed to see if senescence is further 
accelerated in the triple mutant, as this would indicate that POL32 and TBF1 affect senescence 
through different pathways. However, if the accelerated rate remains unchanged from either of 
the double mutants, it could indicate a role for Tbf1 in promoting replication fork passage and BIR. 
Intriguingly, like tbf1-453, pol32∆ also has an uncharacterized cold sensitivity (Gerik et al., 1998). 
 
In addition to early senescence, it appeared that tbf1-82 and tbf1-453 tlc1∆ double 
mutants had some difficulty in forming type II survivors (figures 32, 39, 42, 48, and 52). When 
survivor formation was analyzed by Southern blot of DNA extracted from cells collected at the end 
of the senescence assay, all tlc1∆ clones consistently exhibited only type II survivors (figures 32, 
39, 42, 48, and 52). This is due to type II survivors outcompeting type I survivors in liquid when 
both are formed, as well as the tendency of type I’s to convert to type II’s(Chen et al., 2001). In 
contrast, tbf1-82 tlc1∆ and tbf1-453 tlc1∆ double mutants had some clones that formed only type 
I and some that formed type II survivors by the end of the assay, indicating that some clones may 
be unable to form type II, or have a delay in forming or converting to them when compared to 
tlc1∆ strains.  Alternatively, it is possible that if type II survivors simply have difficulty growing and 
therefore, even if generated occasionally, will not outcompete the type I cells.  
 
Tbf1 mutants show negative interactions with mutants affecting homologous recombination 
 
Tbf1 was previously implicated in the DNA damage response and DSB repair (Bonetti et 
al., 2013). TBF1 mutants were defective in Mre11 binding and end resection at DSBs, leading to 
the conclusion that presence of Tbf1 at a DSB helps facilitate the function of the MRX complex.  
Contrastingly, insertion of subtelomeric sequences with Tbf1 binding sites adjacent to an 
artificially short telomere was found to inhibit Mre11 association (Fukunaka 2012). However, this 
could not be recapitulated at non-telomeric DNA ends, suggesting a potential for differences in 
the role of Tbf1 at DSBs and at telomeres.  Tbf1-82 and tbf1-453 appeared to have wildtype levels 
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of telomeric ssDNA overhangs, as assessed by native in-gel hybridization (figure 33), thus neither a 
reduction nor an excess of telomeric end resection is suspected for phenotypes observed in these 
mutants.  
 
 Tbf1-82 and tbf1-453 both demonstrated strong negative interactions with mutations 
affecting HR, such as rad52∆, sgs1∆, and mre11∆. Double mutations of tbf1-82 and tbf1-453 and 
deletions of these HR genes had significantly reduced viability when compared to the single 
mutants even when exogenous DNA damaging agents were absent (figures 34, 35, 36, 40, and 43), 
thus indicating that TBF1 is important in supporting cell viability when HR is impaired. In addition, 
double mutants also displayed increased sensitivity to DNA damage-inducing drugs MMS and 
phleomycin. If TBF1 were only part of the same HR pathways as RAD52, SGS1, and MRE11, one 
would expect no exacerbation of growth defects or DNA damage repair phenotype. However, the 
negative interaction observed indicates that they most likely function to support cell viability 
through different, possibly partially redundant mechanisms. This is congruent with the results in 
Bonetti et al. (2013) that TBF1 is implicated in both HR and NHEJ. Interestingly, spot test assays 
demonstrated that tbf1-82 and tbf1-453 mutants had greater sensitivity to phleomycin than sgs1∆ 
and mre11∆ mutants, although all were similarly sensitive to MMS, further indicating that TBF1 
functions in multiple pathways. Although there were significant growth defects in tbf1-453 
mre11∆ cells (figure 43), this did not cause a further decrease in telomere length of the double 
mutants, as they were epistatic to mre11∆ (figure 44).  
 
There is still much uncertainty and debate around mechanisms involved in the transition 
between senescence and survivor formation. The role of HR factors is two-fold: an early response 
to eroded telomeres and a later response required to form post-senescent survivors (Teixeira, 
2013). Surprisingly, despite a significant growth defect in tbf1-82 sgs1∆ and tbf1-453 sgs1∆ cells, 
(figures 36 and 40), this did not cause a further increase in the rate of senescence of telomerase-
negative cells in comparison to the tbf1 tlc1∆ mutants (figures 37 and 41). Previous literature 
concluded that when SGS1 is deleted in telomerase-negative cells , senescence is accelerated and 
only type I survivors can form, thus SGS1  is required for type II survivor formation (Huang et al., 
2001; Johnson et al., 2001; Azam et al., 2006; Lee et al., 2007, 2008; Hardy et al., 2014). Our 
research found no significant difference in the rate of senescence between tlc1∆ and tlc1∆ sgs1∆ 
clones (figures 37 and 41). In addition, Southern blot analysis of DNA extracted from cells taken at 
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the end of liquid senescence assays had both type I and type II survivors in  tlc1∆ sgs1∆ strains 
(figures 39 and 42). Possible reasons for the discrepancy from the literature are that previous 
research was carried out in a different genetic background, therefore the absolute necessity for 
SGS1 in type II survivor formation may vary between strains. Similar to our results, Hardy et al. 
(2014) showed little difference in the rate of senescence when SGS1 was absent in a telomerase-
negative W303 background strain, much like what we saw in the W3749 (W303-derived) 
background. Unfortunately no Southern blot indicating what types of survivors were formed was 
included in the paper. Interestingly, despite having no exacerbation in the rate of senescence, 
both tbf1-82 and tbf1-453 sgs1∆ tlc1∆ triple mutants only formed type I survivors (figures 39 and 
42), indicating that TBF1 and SGS1 might have a partially redundant function in type II survivor 
formation and cannot form type II when both are impaired/absent. However, it cannot be ruled 
out that the triple mutants may have eventually been able to form type II survivors had the assay 
been continued for a longer period of time. These differences in results between strains used in 
the literature and this study further highlights the need for more research to better understand 
the difference in the role of HR proteins in the response in early senescence versus post-
senescence survivor formation. 
 
Tbf1-82 sgs1∆ telomere length started out the same as wildtype at the beginning of the 
liquid growth assay (telomerase-positive clones included in liquid senescence assay) and 
shortened over the course of the assay, although not to the extent of tbf1-82 single mutants 
(figure 39). In contrast, tbf1-453 sgs1∆ double mutants had slightly longer telomeres than tbf1-
453 clones at the beginning of the liquid growth assay, but no data was obtained for the same 
mutants at the end (figure 42). Although deletion of SGS1 did not exacerbate the early senescence 
phenotype of telomerase-negative tbf1-82 and tbf1-453 mutants, it caused slight alterations in 
telomere length regulation in telomerase-positive cells of these mutants.  
 
Tbf1 genetically interacts with chromatin regulators 
 
It was previously demonstrated that Tbf1 decreases nucleosome occupancy at the 
promoters of its non-snoRNA targets (Preti et al., 2010). It is possible that alterations in chromatin 
structure can at least partially account for DSB repair defects in Tbf1 mutants. Deletion of HDAC 
RPD3 was previously shown to rescue the sensitivity to DNA damaging agents but not 
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temperature sensitivity of tbf1-1 mutants (Bonetti et al., 2013). This partial rescue was 
recapitulated in the tbf1-82 mutant, with the tbf1-82 rpd3∆ double mutant demonstrating a 
striking improvement in growth in comparison to the tbf1-82 single mutant when plated on MMS 
(figure 45). Like tbf1-1, there was no rescue of the temperature sensitivity and the double mutant 
was unable to grow at 37°C. In addition, unlike what was seen with tbf1-1 in Bonetti et al. (2013), 
there was no rescue observed when exposed to bleomycin (similar to phleomycin). It is not known 
if this is due to differences in the strains or slight differences between the effects of bleomycin 
and phleomycin. Although it was never previously examined in the tbf1-3 mutant (Bonetti et al., 
2013), the partial rescue effect of rpd3∆ was also observed in tbf1-453 clones (figure 49). There 
was improved growth of the double mutant on both MMS and phleomycin, however the 
improvement on phleomycin was only seen at 30°C, when the function of tbf1-453 is less impaired 
than at 23°C. Also, at higher concentrations of phleomycin (5 μg/ml vs 2 μg/ml), the rescue effect 
was less significant. Given that TBF1 has been previously implicated in anti-silencing through 
chromatin regulation (Fourel et al., 1999; Koering et al., 2000; Preti et al., 2010), there is the 
distinct possibility that tbf1-82 and tbf1-453 mutants have impaired regulation of chromatin 
structure in subtelomeric regions and at sites of DNA damage. As histone acetylation and 
deacetylation also regulates chromatin compaction, it is possible that the increased global levels 
of acetylation observed in rpd3∆ cells (Vogelauer et al., 2000), helps at least partially alleviate the 
defect caused by TBF1 mutants. If future research uncovers a transcription defect in these 
mutants it would be interesting to see if deletion of RPD3 would also bring transcription levels 
back to wildtype.  
 
 Deletion of RPD3 also had an impact on tbf1 mutant phenotypes in telomerase-negative 
cells. The tlc1∆ tbf1-82 rpd3∆ and tlc1∆ tbf1-453 rpd3∆ triple mutants had delayed senescence in 
comparison to tlc1∆ tbf1 double mutants (figures 46 and 50). However, it was again a partial 
rescue, as there were a reduced number of cells at the peak of crisis in comparison to tlc1∆ clones, 
indicating that the triple mutants, like the double mutants, had higher mortality than tlc1∆ alone.  
As well, like earlier discussed results of tbf1 tlc1∆ double mutants, the triple mutants did not all 
form type II survivors by the end of the assay, indicating that this deficiency of tbf1 mutants was 
also not alleviated. It was previously demonstrated that deletion of histone acetyltransferase SAS2 
is lethal in rpd3∆ cells (Ehrentraut et al., 2010), so we would like to look at whether sas2∆ would 
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show the same rescue effect as rpd3∆ to further strengthen the argument that at least some of 
the defects seen in these tbf1 mutants are linked to chromatin dysfunction.  
 
Bolstering the argument for Tbf1 having a significant role in chromatin regulation in the 
subtelomeric region, tbf1 mutants also showed a negative genetic interaction upon the deletion of 
HTZ1. Like as has been proposed for Tbf1, Htz1 is implicated in an anti-silencing role near 
telomeres (Meneghini et al., 2003). When growth and DNA damage sensitivity was assayed by 
spot tests, tbf1-82 htz1∆ double mutants had poor growth in comparison to the single mutants on 
YC and increased sensitivity to DNA damaging drugs (figure 53). Poor growth both with and 
without DNA damaging drugs was observed at 23°C, which is interesting as when tbf1-82 was 
assayed with HR mutants there was little synthetic sick phenotype at 23°C in comparison to what 
was seen at 30°C. Although tbf1-82 functions well at 23°C, this is dependent on HTZ1. Tbf1-453 
also had quite a striking phenotype upon deletion of HTZ1. At 23°C and 30°C, there was no 
difference between the tbf1-453 single mutant and tbf1-453 htz1∆ double mutant, however at 
37°C although both the single mutants were viable, the double mutant was dead, indicating that 
HTZ1 and TBF1 need to both be functional for cell survival at 37°C.  This lethality was not seen 
when tbf1-453 was combined with HR mutants at 37°C, indicating that phenotypic differences in 
interactions with tbf1 mutants are most likely due an effect on multiple processes in the cell. 
Further hinting towards Tbf1 impacting telomere homeostasis through chromatin regulation, tbf1-
82 htz1∆ and tbf1-453 htz1∆ clones had slight, but consistent telomere shortening in comparison 
to the single mutants. Further assays will be done to see if the telomeres progressively shorten 
over increased generations of growth, or if they remain only slightly short, in which case the 
shortening is unlikely to have a functional significance for the cell.  Also, whether HTZ1 has an 
impact on the rate of senescence is unknown and will be an interesting avenue of future research.  
 
Although tbf1-82 and tbf1-453 share many similar phenotypic similarities, there are most 
likely differences in how these mutations affect the function of the protein. This is hinted at by the 
fact that tbf1-82 is heat sensitive and tbf1-453 is cold sensitive, as well as other differences such 
as telomere length variations and varying phenotypes observed during genetic interaction assays 
with homologous recombination and chromatin mutants. Ultimately, although we were able to 
attribute phenotypic variations in growth, DNA damage sensitivity, senescence rate, and telomere 
length homeostasis to two specific point mutations, analysis is ongoing into why these mutations 
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have these effects. The phenotypes conferred by the tbf1-453 mutation are most likely due to its 
proximity to the residue 451-mediated salt bridge, however less is known for tbf1-82 as it is not 
located near any known critical residues or domains. Although Tbf1 is a transcriptional regulator 
(Preti et al., 2010), so far no promoters of genes directly implicated in DNA repair, recombination, 
or checkpoint activation have been found to be bound by Tbf1. However, we cannot exclude that 
Tbf1-mediated changes in the levels of gene transcription might contribute to the phenotypes 
observed in tbf1-82 and tbf1-453 mutants until a transcriptome analysis is performed on these 
strains. Transcriptional analysis is also important due to the fact telomeres are transcribed to 
produce telomere repeat-containing RNA (TERRA) that has been implicated in telomere 
homeostasis, including regulation of senescence in telomerase-negative cells (Luke et al., 2008; 
Maicher et al., 2012; Balk et al., 2013). Given that Tbf1 is a transcription factor that has Tbf1 
binding sites in subtelomeric regions, it may also be a previously unknown regulator of TERRA 
transcription.  
 
As more than one process affected by tbf1 mutants, further work will be needed to 
elucidate the role of Tbf1 in the cell, especially its influence on telomere homeostasis. The results 
of this project suggest that defects seen in tbf1 mutants are not solely due to one function, such 
as impaired transcription, but that Tbf1 has multiple roles within the cell that allow it to 
participate directly in the response to DNA damage, as well as modulating telomere homeostasis 
in telomerase-positive, but especially telomerase negative cells due to its physical presence within 
the subtelomeric regions.   










Figure 57: Proposed model of role of Tbf1 in the subtelomeric region. 
Figure A: When Tbf1 is fully functional it participates in cell viability due to its ability to bind to the 
subtelomeric X (blue rectangle) and Y’ (green rectangle) elements. It acts as an anti-silencer and 
helps to limit the spread of heterochromatin, permitting easier accessibility to other proteins that 
may be involved in DNA repair, stalled replication fork restart, and telomere maintenance. Given 
that it is a transcription factor, it may also facilitate subtelomeric transcription. Figure B: When 
tbf1 is dysfunctional, there could be reduced access of DNA damage repair proteins, difficulty in 
resolving stalled replication forks, increased heterochromatin spreading of the Sir proteins from 
the telomere, telomere length dysregulation, and possibly altered transcription.
Fig. A  
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